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PREFACE 


Although microwave spectroscopy is a relatively new field of investi¬ 
gation, there are already so many research papers published in it that 
any new researcher must spend considerable time to become familiar 
with what has been done. One of the aims of this book, which is the 
first one written on the subject, is to provide for microwave speed ros- 
copists, chemists, physicists, and other scientists a conveniently avail¬ 
able source of the large amount of very precise information which 
has been obtained to date through microwave spectroscopy. This in¬ 
formation is summarized in various tables. In addition, a bibliography is 
provided. Another objective of the book is to facilitate the analysis and 
interpretation of the microwave data accumulated. Pertinent formulas 
are given in forms most convenient for analysis. Numerical tables are 
Provided for aid in the analysis of the spectra. A third objective is to 
make it easy for the beginner to become familiar with the instruments 
and experimental methods ot microwave spectroscopy. The funda¬ 
mental theory involved in the detection ot microwave absorption linos 
is given with detailed description of significant spectrographic com¬ 
ponents. 

It is readily apparent to anyone who reads this book that microwave 
spectroscopy is not a single subject but rather a common method which 
can be applied to the study ot various problems in physics, chemistry, 
electronics, and even astronomy. The theories involved in the experi¬ 
mental methods and in the interpretation of the results are numerous 
and frequently complex. They draw upon such branches of theoretical 
physics as electromagnetic theory, electrodynamics, group theory, and 
quantum mechanics. Futhermore, a chemical background and a 
practical knowledge of electronics are essential to a successful microwave 
sped roscopist. It is obviously impossible to condense into a single 
volume all the information which a specialist would need, or to give a 
rigorous treatment of all pertinent theoretical problems. Hence, we 
make no pretense to either completeness or rigor. We have tried to 
produce a book of convenient length which will meet the needs of 
scientists who have an interest in the results which can be obtained from 
microwave spectra. '1 he book is not written as a text, though it should 
pio\e useful lor that purpose in graduate courses when it is used with 
specialized treatises on the various subjects involved. 
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Although the heterogeneous nature of microwave spectroscopy makes 
impossible a textbook of the conventional type, that very fact makes the 
subject a desirable one in which to train graduate students. In contrast 
to many fields of research in chemistry and physics which are narrowing 
in their influence on the worker, microwave spectroscopy provides a 
rich and varied background of experience both in its experimental and 
theoietical aspects, which is excellent training for teaching or for a 
career in pure or applied research. 


Many people have contributed, either directly or indirectly, to the 
preparation of this volume. We are particularly indebted to Professor 
Walter M. Nielsen, Chairman of the Physics Department, who has 
constantly encouraged and supported us in this project. 

This book would not have been undertaken were it not for the sup¬ 
port we have received for the research program in microwave spectros¬ 
copy at Duke University. Although this program has been primarily 
supported by the U. S. Air Force Cambridge Research Laboratory, we 
are also indebted to the Research Corporation for a generous grant. We 
acknowledge a generous grant for assistance in the preparation of the 
book from the Duke University Council on Research. 


A large number of graduate students at Duke University, both past 
and present, have contributed to the book. Dr. M. L. Meeks assisted 
much with Chapters 3 and 8 and prepared the numerical tables for 
analysis of Stark and Zeeman effects. Drs. John Sheridan, S. N. Ghosh, 
M. Mizushima, and H. G. Dehmelt, former research associates, have 
made suggestions. Mr. Frank Trippe, electronics technician, and the 
shop personnel, particularly Mr. Milton Whitfield and Mr. W. B. 
Francis, have at various times made helpful suggestions about the 
instrumental aspects. The secretaries of the Physics Department, 
Mrs. Sallie Vi ood, Miss Carolyn Daniels, Miss Emma Rose Cutts, and 
Miss Grace Wi liams, have typed different parts of the manuscript, 
several of the illustrations were drawn by Mr. Colin Govan. 

J' ® are lndebted t0 the large number of scholars at other institutions 
who have generously allowed us to reprint their diagrams and data, and 

who have supplied us with prepublication copies of their most recent 
results. 


Duke University 
March , 1953 


W. G. 
W. V. S. 
R. F. T. 
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INTRODUCTION 


Although microwave spectroscopy had its inception in 1934 with the 
historic experiments of Cleeton and Williams 1 on the inversion spectrum 
of ammonia, no further papers on microwave spectroscopy appeared in 
the literature until 1946. The concentrated research on microwave 
radar during World War II provided the necessary instruments and the 
stimulus for the rapid development of the field which immediately fol¬ 
lowed the war period. 

The microwave region comprises that part of the electromagnetic 
spectrum which lies between the far infrared and the conventional 
radio-frequency region. Though its boundaries are not definitely fixed, 
the region may be regarded as extending from about 1 mm to 30 cm in 
wavelength (300,000 Me to 1000 Me). Thus, microwaves are frequently 
designated as centimeter waves or millimeter waves. This region repre¬ 
sents approximately eight octaves ot the electromagnetic spectrum, 

whereas the visible part of the optical region covers only about one 
octave. 


Microwave spectroscopy could be regarded as an extension of radio- 
frequency spectroscopy or as an extension of far infrared spectroscopy. 
As a consequence, it is sometimes classified under radio-frequency 
spectroscopy and sometimes under optical spectroscopy. There are, 
nevertheless, sound reasons for treating it as an independent subject. 
The instruments for generating, measuring, and transmitting micro- 
waves are dilterent from the conventional components—triodes, pen¬ 
todes, coils, resistors, and capacitors—used in the longer-wave radio 
region. I hey also differ in a fundamental way from the essentially 
optical instruments used in the far infrared region. 

The microwave region may also be defined on the basis of the type of 
spectral studies for which it is best adapted, although its boundaries 
cannot be definitely fixed in this way. Bearing in mind a number of 
outstanding exceptions, we may say that in the visible and ultraviolet 
regions the transitions between electronic energy states are directly 
measurable, and that vibrational and rotational energies of molecules 
are observed only as perturbation effects. In the infrared region the 
vibrational spectra are observed directly, with the rotational energies 
usually observed as perturbations of the vibrational spectra In Uie 
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microwave region the transitions between rotational energies of mole¬ 
cules are in turn observed directly, with nuclear effects appearing as 
first-order perturbations; whereas, in the radio-frequency region the 
nuclear effects are directly observable. 

As illustrations of the exceptions mentioned above, there are dif¬ 
ferences between certain electronic energy states which fall within the 
microwave region. The most notable example of this is the Larnb- 
Retherford 2 shift in the spectrum of the hydrogen atom. In some cases 
the nucleai effects might be observed directly in the microwave region. 
Theie are a few outstanding examples ot certain light molecules such as 
hydrogen chloiide and ammonia for which pure rotational lines have 
been measured in the far infrared region. Nevertheless, by far the 
gieatei propoition of the pure rotational spectra of molecules for practi¬ 
cal reasons are measurable in the microwave region only. 

Stark and Zeeman effects in rotational spectra have been observed 
only in the microwave region. Likewise, in this region only have nu¬ 
cleai quadrupole perturbations ot pure rotational spectra been resolved. 
Thus, microwave spectroscopy has caused a new interest in Stark and 
Zeeman effects as well as in hyperfine structure of molecular spectra. 
New information on intermolecular interactions is obtained through 
measurements of the widths and shapes of spectral lines in the micro- 
wave legion. In addition to the more precise testing of previously de¬ 
veloped theories of these subjects, the accurate evaluation of such im¬ 
portant molecular and nuclear properties as bond angles, interatomic 
distances, molecular dipole and molecular quadrupole moments, atomic 

masses, nuclear spins, nuclear magnetic and nuclear quadrupole mo¬ 
ments has been made possible. 


In addition to that of pure rotational spectra, there is another energy 
transition which is most conveniently observed in the microwave re¬ 
gion. this is commonly termed paramagnetic resonance absorption. 
In these experiments the paramagnetic substance is placed in a mag¬ 
netic field. I he precession of the electronic momentum vector about 
the field then takes place. As is well known, the interaction energy of 
the magnetic moment of the ion or molecule with the external field is 
quantized. Transitions between the different Zeeman levels (different 
orientations of the electronic momentum vector in the external field) 
give rise to absorption in the microwave region when the external field 
is of the pioper value, this paramagnetic absorption can be observed 
in the microwave region with magnetic fields of the order of a few kilo- 
gauss. 1he experiments are closely analogous to those of nuclear 
resonance absorption observed in the radio-frequency region. From 
such paramagnetic measurements important information can be ob- 
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tained about crystal structures and in some instances about chemical 
bonding and the nature of the electronic state of ions in crystals. In 
several instances nuclear hyperfine structure has been observed in 
paramagnetic resonance absorption, and unknown nuclear moments 
have been determined therefrom. 

Many liquids and solutions have broad absorption peaks occurring 
in the microwave region. These are associated with anomalous disper¬ 
sion caused by orientation of molecular dipoles in the field of radiation. 

Such absorption peaks occur at frequencies of — , where r is the re- 

27rr 

laxation time of the molecular dipole. Using microwave measurements 

v * a n 1 ^ ^ 1 i c •S, 4 one can calculate such properties 

as relaxation time, dipole moment, and dielectric constant of complex 
organic and inorganic compounds. Information about the important 

problem ot intermoleeular interaction in liquids and solutions can thus 
be obtained. 

Many industrial applications of microwave spectroscopy are already 
apparent, hventually the largest and most important of these no 
doubt will be the qualitative and quantitative analysis of chemical com¬ 
pounds. 1 he wide use ot infrared spectroscopy for such analysis is an 
example of what can be expected. In general, the substance to be ana¬ 
lyzed must be polar, and the analysis must be made of the vapor state. 
Despite these limitations there are large classes of compounds to which 
microwave analysis is applicable. Whenever it can be applied, the 
enormously greater resolution makes it superior to infrared analysis, 
for the first time, there are available for identification of complex 
organic compounds sharp line spectra similar to those of the isolated 
elements. Indeed, microwave absorption spectroscopy can provide for 
hundreds or even thousands of molecules the same certainty of identifi¬ 
cation as the line emission spectra provide for identification of the 
elements. A similar application is quantitative isotopic analysis 

oi compounds in which rare isotopes have been artificially concen¬ 
trated. 

In the now famous atomic clock, developed by Lyons and his group 
at the National Bureau of Standards, microwave spectral lines provide 
a new standard of time which promises to be more accurate than that 
based on the rotation of the earth. The frequencies of electronic oscil¬ 
lators can be stabilized to better than 1 part in It) million bv coupling 
them to sharp absorption lines. Crystals used to stabilize the fre¬ 
quencies of oscillators at radio broadcast frequencies are ineffective at 

ultra-high frequencies. A natural substitute is a sharp, unchangeable 
spectral line. * 
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Accurately measured microwave absorption lines provide excellent 
secondary frequency standards for checking the calibration of wave- 
meters. Precise measurements have now been made on lines as high as 
130,000 Me. Magnetic fields can be measured and flux meters cali¬ 
brated by means of the sharp paramagnetic absorption (~1 gauss in 
width) of organic free radicals. Likewise, it is possible to stabilize 
magnetic fields with these lines. 

Doubtless many other applications will be developed in this impor¬ 
tant spectral region which links optical and radio waves. 

REFERENCES 

1 C. E. Cleeton and N. H. Williams, Phys. Rev . 45, 234 (1934). 

2 W. E. Lamb, Jr., and R. C. Retherford, Phys. Rev. 72, 241 (1947). 

8 P. Debye, Polar Molecules (Dover Publications, New York, 1929). 

4 H. Frohlich, Nature 157 , 478 (1946). 



1. INSTRUMENTS AND EXPERIMENTAL 


METHODS 


1.1. TYPES OF MICROWAVE SPECTROGRAPHS 

Although optical and microwave spectrometers perform the same 
general function the measurement of the difference in the Quantized 
energy states of material particles—the microwave spectrometer differs 
in a fundamental way from the optical spectrometer. The core of an 
optical spectrometer is the element of dispersion, prism or grating. 
This core is not found in the microwave spectrometer, which is a com¬ 
pletely electronic instrument. No dispersive component is needed be¬ 
cause the source is essentially monochromatic and because its frequency 
can be varied at will and measured electronically with high precision. 

Reduced to its simplest form, the microwave spectrometer consists 
of : (1) a radiation source, (2) an absorption cell, (3) a device for measur¬ 
ing frequency or wavelength, (4) a detector of the microwave radiation, 
(o) an amplifier of the detected power, and (G) an indicator. The usual 
spectrograph has several auxiliary components such as attenuators, 
couplers, and modulators. The choice and arrangement of the com¬ 
ponents depend upon the nature of the problem to be investigated and 
upon the type of components available. Hence, the microwave spectro¬ 
graph has no fixed form. There are many different types in current use. 
Diagrams of some common forms are shown in Figs. 1.1-1.4. In this 
section the more frequently used types of spectrographs will be de¬ 
scribed. Details of the components and a discussion of sensitivities 
will be given in later sections. 

1 he semi-optical spectrograph used by Cleeton and Williams 1 has 
been replaced by more effective ones. Nevertheless, it is of historical 
interest because this first microwave spectroscope was a hybrid instru- 
ment employing in a fundamental way both optical and electronic 
methods. The source was electronic, being a split-anode magnetron 
An optical collimating system of parabolic mirrors was used with an 
echelette grating for measurement of wavelength. No electronic ampli¬ 
fication was employed. The radiation was detected by an iron pvrite 
phosphor-bronze crystal which was connected directly to a sensitive 
galvanometer. Their absorption cell was simply a rubber cloth bag. 
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1.1a. Fixed-Frequency Spectrometers. In the measurement of 
the attenuation of gases at high pressure where the lines are extremely 
broad, point-by-point plotting is employed. This method permits the 
use of high-power, fixed-frequency sources such as magnetrons. Both 
cavity and waveguide cells have been used. With this method the 
attenuation of the cell at a fixed frequency is measured with and without 
the gas in the cell, fihe oscillator frequency is set at a new frequency, 
and the process is repeated. Highest sensitivity and resolving power 
are obtained with a frequency-stabilized oscillator and a lock-in ampli- 
^^ are must be taken to prevent variations in standing waves from 
pioducing enors. However, if a waveguide cell is shorted at one end, 
the difference in standing-wave ratio with and without the gas in the 
cell may be used as a measure of the gas attenuation. Point-by-point 
measurements have been made in a number of investigations. 2 

1.1b. Frequency-Sweep Spectrometer with Crystal Video Re¬ 
ceiver. One of the simplest types of microwave spectrometers in cur¬ 
rent use employs a simple video or a narrow-band audio amplifier with 


To pumps, pressure 
gage, and sample 
inlet. 



a relatively sharp cut-off on the low-frequency sided This is connected 
directly to the crystal detector. The klystron source is frequency modu¬ 
lated bv a slow saw-tooth wave which is synchronized with the cathode- 
ray oscilloscope used to display the absorption lines. During the search 
for spectral lines the klystron frequency is varied manually. A long 
waveguide absorption cell (-100 ft for A'-band waves) is used. The 
cell and other components are made with care so that no sharp reflec¬ 
tions caused by impedance mismatch occur. The pressure of the gas is 
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adjusted to make the absorption line sharp as compared to any unavoid¬ 
able reflections. The rate of frequency sweep of the klystron is then 
adjusted so that the major Fourier components of the reflections and 
the mode contours occur below the low-frequency cut-off of the receiver. 
When the width of the absorption line is of the order of 3 10 that of the 
sharpest reflection, this filtering can be achieved with only slight loss 
of signal. For best results the saw-tooth wave used to sweep the fre¬ 
quency of the klystron should be adjustable both in recurrence rate and 
in slope. The rate of sweep is adjusted for optimum results by observa¬ 
tion of the pattern on the cathode-ray scope. Actually, the reflections 
should not be completely filtered since they are useful in adjusting the 
optimum rate of search. For a given spectrometer the optimum gas 
pressure is determined by the line-breadth parameter of the gas under 
study. The pressure is not particularly critical, however; for most cases 

10 mm of Hg is satisfactory. See Fig. 1.1a for an arrangement of the 
spectrograph. 

The sensitivity 4 of the simple, rapid, video system compares favor¬ 
ably with the more complicated sweep spectroscopes described below 
when the available power is limited to a few microwatts, as it is in the 
region below o-mm wavelength or when one must operate with the gas 
at • SU( 'h low pressures that molecular saturation limits the power to a 

tew microwatts. A quantitative discussion of its sensitivity is given in 
Sec. 1.4. 

l.lc. Frequency-Sweep Spectrometer with Radio-Frequency 
Receiver. Receivers which amplify the signal at frequencies of 100 kc 
or higher avoid the excessive low-frequency noise generated in crystals 
when milliwatt powers are detected. Other low-frequency disturbances 
such as flicker noise in tubes, are also avoided. The sensitive hetero¬ 
dyne receivers developed for radar reception are difficult to use because 
the local oscillator must be swept synchronously with the source sweep 
m the search for absorption lines. The automatic frequency control 
circuits used in radar can serve to couple the oscillators together over a 
limited range of sweep. Thus a radar receiver may be useful in special 
cases where lines are difficult to resolve. A spectrometer employing a 
radar receiver has been described by Strandberg, Wentink, and Kyhl 5 
Although the heterodyne receiver is more sensitive than the crystal 
video receiver, the enormous advantage of heterodyne detection over 
square-law or video detection of a positive pulse of power such as a 
radar signal is not retained in the detection of an absorption line. 4 ' 6 See 
1.4 for a discussion ot its sensitivity. 

Source-frequency modulation. A number of researchers 7 have success- 
" US6d so ‘>rc e -fre q uency modulation at radio frequencies with a 
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sensitive radio receiver in order to avoid the excessive low-frequency 
noise which occurs when powers of the order of milliwatts are used. 
The absorption line acts as a discriminator to convert the frequency 
modulation into an amplitude modulation at the detector. Thus, an 
a-m radio receiver can be used. When the degree of modulation is ad¬ 
justed to maximize a sharp absorption line, there is discrimination 
against broad reflections. Low-frequency filtering in the audio stage 
can be used to reduce further the effects of reflections. 

The modulation can be achieved conveniently by superimposing the 
voltage from an r-f generator upon the slowly varying saw-tooth wave 
used to sweep the klystron over its mode. The adjustment of the 
amount of modulation is critical, and considerable distortion may occur. 
When small modulation voltages are used, the receiver detects the first 
derivative of the absorption line contour. Tests made at Duke Univer¬ 
sity show that a gain in sensitivity by a factor of 10 or more over the 
video system can be obtained in the 1-cm region but that little if any 
gain over the video system can be achieved in the shorter millimeter 
wave region where the available power is seriously limited. However, 
souice modulation with a narrow-band lock-in amplifier can greatly in¬ 
crease the sensitivity in the latter region. 

To pi event excessive distortion of the line and a consequent lowering 
of sensitivity, the modulation frequency should be somewhat less than 
the line breadth. For modulation frequencies greater than the line 
width, side bands produced by the modulation will be resolved. Also, 
the range of frequency sweep of the modulation should be greater than 
the line breadth. When the modulation range is small compared with 
the modulation frequency and the latter small compared to the line 
bieadth, the receiver detects the first derivative of the line contour. 

Stai L-)nodulation. An ingenious method of increasing sensitivity was 
introduced by Hughes and Wilson. 8 They placed an electrode in the 
waveguide absorption cell and imposed a low r-f alternating voltage to 
modulate the absorption line. An intensity modulation of the micro- 
wave energy is thus produced when the source frequency is in the vicin¬ 
ity of an absorption line, since the Stark components of the line are 
shifted relative to the source frequency. Hence, a radio receiver tuned 
to the modulating frequency can be used to detect the absorption line. 

A sine wave may be used for the modulation. More information is 
obtained, however, if a square-wave voltage is employed since the 
individual Stark components can then be resolved and studied. A 
block diagram of a Stark-modulation spectrometer is given in Fig. 1.16. 

In searching for lines, just as with other methods where a cathode-ray 
display of the line is used, a slow saw-tooth voltage synchronized with 
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the cathode-ray trace is employed to sweep the klystron over its mode. 
If an absorption line of sufficient intensity, which is sharp as compared 
with the frequency span of the klystron mode, is passed over, it will 
show up as a pip on the scope. With square-wave modulation of suffi¬ 
cient intensity for their resolution, the Stark components appear as 
separate pips. In the search for lines the klystron is tuned manually. 


To pumps, pressure 
gage, and sample 
inlet. 



Iig. 1.16. Diagram of a Stark-modulation spectrograph. 


The amount of voltage needed for best detection depends upon: (1) 
the width of the line and hence the gas pressure; (2) the dipole moment 
of the molecule; and (3) the nature of the Stark effect, i.e., whether of 
first, or second order and whether high or low rotational states are being- 
observed. For a molecule with an average dipole, debye, at pres¬ 
sure of the order of 10 _I mm of Hg, modulating fields of the order of 
10 volts per cm are adequate for first-order Stark effects. For lines 

exhibiting only the second-order effect, several hundred volts per centi¬ 
meter are needed. 

The principal advantage of the Stark-modulation method for increas¬ 
ing sensitivity is that it allows detection of the absorption line without 
detection of power variations caused by reflections in the microwave 
line, even when the absorption line is as broad as, or broader than the 
reflections. An additional advantage is that it allows the use of an r-f 

receiver to avoid low-frequency noise without the complication of 
heterodyne detection. 

The first advantage is very significant. The previously described 
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methods of minimizing reflections are applicable only when the line can 
be made sharp as compared with the reflections. This requires opera¬ 
tion at low pressures (~10 2 mm of Hg) where molecular saturation 
seriously limits the power that can be used. In addition, there are large 
groups of molecules, such as CHCI 3 , which because of unresolved hyper- 
fine structure have very broad absorption lines even at low pressures. 
There are also certain symmetric-top molecules which do not have 
hyperfine structure but do have broad lines caused by rotational transi¬ 
tions of different quantum number K which are slightly separated by 
centrifugal distortions. 

Equation 1.32 can be used in estimating the sensitivity obtainable 
with a Stark-modulation spectrograph provided that: ( 1 ) the power 
employed is in the milliwatt range so that the crystal operates as a 
lineai detector, ( 2 ) the modulating voltage and gas pressure are ad¬ 
justed so that efficient modulation is achieved,* ( 3 ) the cell is so con¬ 
structed that moleculai saturation is avoided. One can, of course in¬ 
clude in the noise figuie F the estimated losses caused l) 3 r these various 
factors. If the modulation frequency is small compared with the line 
bieadth, negligible distortion is produced. For a square-wave modu¬ 
lation frequency v m which is of the order of the line breadth Av, the line 
intensity will be lowered by a factor 96 of about fl - (%)(v m /kv) 2 ] and 
the line bieadth increased by [1 + [}/±)(v m /Av) 2 ), approximately, when 

as is customary the receiver is tuned to the fundamental modulation 
frequency. 

Because ciystal noise decreases with increasing frequencv, it would 
seem that a very high r-f modulation would be most desirable when crys¬ 
tal detectors are employed. For practical reasons this is not true. 
Since the capacitive admittance across the Stark cell increases with 
frequency, higher and higher currents are required to charge the elec¬ 
trodes to a given voltage as the modulation frequency is increased, un¬ 
less the capacity of the cell is correspondingly decreased. This means 
that a compiomise between cell size and modulating frequency must be 
made. For square-wave modulation of lines exhibiting only second- 
order Stark effect it is difficult to use the optimum cell length with modu¬ 
lating fiequencies over 100 kc. In addition, the lines are seriously 
broadened by very high-frequency modulation . 9 Most researchers use 
modulating frequencies of about 100 kc. Description of absorption cells, 
electronic components, and methods of measuring frequencies are given in 
later sections. Further details may be found in articles on the method . 10 

A device which facilitates recognition of absorption lines was intro¬ 
duced by J. Q. \\ illiams, at Duke. To test a signal he imposed a bias 
so that the alternating Stark voltage would swing above and below 
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ground rather than from ground to maximum value. For reasons readily 
apparent, this bias causes the line to disappear but leaves unchanged the 
signals arising from oscillator pickup or other sources. 

In addition to the aids to detection mentioned, Stark modulation is 
useful in identification of lines and in measurement of molecular dipole 
moments. 

I Ad. Automatic Recording Spectrometers with Phase-Sensi¬ 
tive Lock-In Amplifier. Equations 1.32 and 1.33 indicate that the 
sensitivity of a spectrograph improves markedly with a decrease in 
bandwidth. II the bandwidth is to be decreased, however, the rate of 
sweep must be made correspondingly slower so that the major Fourier 
components of the absorption line still fall within the bandwidth of the 
receiver. Thus, to achieve the highest sensitivity, one must abandon (he 
very desirable cathode-ray display for the slower pen-and-ink recorder. 

Commercially available recorders such as the Brown, the Leeds and 
Northrup Speedomax, and the Esterline Angus are satisfactory. The 
klystron frequency is usually swept slowly by an electric motor coupled 
through step-down gears to the mechanical tuner. In the observation 
of sharp lines, frequency stability of the oscillator is usually the limiting 
factor. A well-stabilized power supply should be used for the klystron. 
One can stabilize the oscillator by coupling it to an external cavity by 
the Pound method (Art. 1.36) and can then sweep its frequency by tuning 

the external cavity. However, this method is extremely slow and tedi¬ 
ous for a search spectrograph. 

Use of the phase lock-in principle makes possible an amplifier with an 
exceptionally narrow bandwidth (~1 eps) and one which discriminates 
against noise out of phase with the signals. The lock-in detector with 
its associated filter responds only to incoming signals which have the 
trequency and phase of the reference voltage on which the detector is 
made to lock. Hence incoming signals are modulated at the phase and 
Irequency of the reference voltage used to lock the amplifier. 

This modulation can be achieved in several ways. Among them are: 

1 I) amplitude modulation of the source power (this may be achieved by 
mechanical chopping of the beam, by square-wave modulation of the 
klystron voltage, or by reflection of the power from a crystal the imped¬ 
ance of which is varied by an alternating voltage); (2) frequency modu¬ 
lation <>! the source; (3) Stark modulation of the absorption line; (-4) 

Zeeman modulation of the absorption line; and (f>) interruption of a 
molecular beam. 

Method I is most adaptable to fixed-frequency measurements. It is 
not very useful with automatic recorders because it does not discrimi¬ 
nate against reflections or other causes of power variations. The other 
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methods are very useful with the sweep spectrograph employing auto¬ 
matic recording. Modulating frequencies usually employed with 
methods 2 and 3 range from a few kilocycles to about 100 kc, although 




N 


Fig. 1.2. (a) Diagram of a millimeter-wave spectrometer employing a phase-sensitive 
amplifier with source modulation and automatic recording. ( b ) Tracings of ICN 
lines at 2.32-mm wavelength employing this spectrograph. (From Gilliam, Johnson, 

and Gordy. 11 ) 

they can extend to much higher frequencies. In practice it is difficult 
to achieve high-frequency Zeeman modulation although fields of several 
gauss at a few thousand kilocycles can be obtained. Molecular beam 
modulation is limited to the order of 100 cps. 

Stark modulation is the most frequently used method, since it is more 
effective than source modulation in coping with reflections and is appli- 
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cable to a wider range of molecules than is Zeeman modulation. A 
spectrograph employing a lock-in amplifier with Stark modulation is 
described by McAfee, Hughes, and Wilson. 10 

The source-frequency modulation method offers advantages in the 
shorter millimeter wave region where the available power is low and 
where the high losses in the usual Stark cell are serious. With the short 
cells which must be used in this region, reflections can usually be made 
broad as compared with the signal. Noise is generally a greater limita¬ 
tion than are reflections. Gilliam, Johnson, and Gordy 11 have used 
source-frequency modulation with a lock-in amplifier and recorder to 
obtain much greater sensitivity in the wavelength region from 2 to 5 
mm than is possible with the video receiver. Figure 1 2a shows a dia¬ 
gram of their spectrograph, and Fig. 1.26 shows an ICN line at 2.29-mm 
wavelength recorded with it. The modulation frequency was 5 kc. 

Zeeman modulation can serve to aid detection of absorption lines of 
paramagnetic substances in a way similar to that by which Stark modu¬ 
lation serves to detect the absorption of substances with an electric 
dipole. A spectograph employing magnetic modulation with automatic 
recording has been developed by Burkhalter, Anderson, Smith, and 
Gordy. l2tt A similar arrangement has been used by Shimoda and Nishi- 
kawa 12 '' for observing the hyperfine spectrum of atomic sodium. See also 
the experiment of Roberts, Beers, and Hill. 22 (Art, 1.1</.) 

l.le. Atomic and Molecular Beam Methods. Atomic and molecu¬ 
lar beam methods have specialized applications in microwave spectros¬ 
copy. Descriptions of the techniques are available in the literature. 13 
An outstanding example of the use of atomic beams in the microwave 
region is the experiment by Lamb and Retherford 14 on hydrogen. They 
used a detector which was sensitive only to atoms in excited states. 
Atoms in the metastable 2 2 Sy 2 state were used to energize the detector. 
When these were passed through microwave radiation of the proper fre¬ 
quency some were lifted to the 2 2 Py 2 state from which they could decay 
rapidly to 1 2 Si A ground state. Consequently, fewer atoms in the ex¬ 
cited state arrive at the detector, and a drop in the indicator current 
results. No doubt there will be other, similar applications of atomic 

beams. Already Lamb and Skinner 15 have performed a like measure¬ 
ment on ionized helium. 


It may be possible to use molecular beams to advantage for the study 
of the rotational spectra of heavy molecules which must be heated sev¬ 
eral hundred degrees before they have a significant vapor pressure. By 
use of such a method the necessity of heating the entire absorption cell 
to high temperatures can be avoided. The molecular beam can be 
directed at right angles to the radiation path so that Doppler broaden¬ 
ing is avoided. A cavity, a waveguide, or a free-space cell may be used. 
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While the beam is being passed through the cell the absorption lines can 

be measured in the usual way by the sensitive detecting methods already 

described. A parallel plate cell with Stark modulation of the molecular 

beam may be used. Also, mechanical interruption of the molecular 

beam by a rotating or vibrating shutter at the order of 100 times a 

second makes possible modulation of the intensity of the absorption 

lines. Such systems equipped with lock-in amplifiers are being con¬ 
structed at Duke. 16 

1 • V' Paramagnetic Resonance Spectrographs. In paramagnetic 
resonance experiments it is necessary to impose a magnetic field of a 
few thousand gauss upon the sample since the observations are made 
upon tiansitions between Zeeman components. The usual practice is 
to set the oscillator at a fixed frequency and sweep the absorption line 
through this frequency by varying the magnetic field. Thus the trou¬ 
blesome problems caused by variations in oscillator power and reflec¬ 
tions are avoided. 


It is easy to superimpose upon the strong external field a small alter¬ 
nating field of low frequency so as to vibrate the absorption frequency 
relative to that of the source. This produces an intensity modulation 
of the microwave power in the region of an absorption line. A narrow- 
banded lock-in detector, which is made to lock in on the same alternat¬ 
ing voltage, is then employed. Either automatic recording or point- 
by-point plotting can be used. 


\ery sharp lines such as are sometimes obtained with free radicals or 
paramagnetic gases can be displayed with a cathode-ray oscilloscope. 
In this case the magnetic field is swept so that the line passes com¬ 
pletely over the source frequency several times a second. The cathode- 
ray trace is synchronized with the magnetic sweep. On the other hand, 
if the magnetic field is sufficiently stable it can be left fixed and the 
oscillator can be swept through the line. In either case an amplifier of 
appropriate bandwidth to include the signal components must be em¬ 
ployed. When the oscillator frequency is left fixed it is advantageous to 
use the sensitive heterodyne radar receivers. 

Both cavity and waveguide cells have been employed. The cavity 
ceU has the advantage of the longer effective path for a sample of a 
given size. Also, with a cavity cell it is possible to reduce dielectric 
losses greatly by placing a crystal sample under study at a point where 
the magnetic component of the radiation is strongest and the electric 
component weakest. It should be remembered that paramagnetic 

absorption is caused by coupling of the magnetic dipole to the magnetic 
component of the radiation field. 


With waveguide cells it is easier to impose a high 


external field since 



PARAMAGNETIC RESONANCE SPECTROGRAPHS 


15 


one dimension of the waveguide can be reduced, if necessary, to a small 
fraction of a centimeter. Hence, a magnet with a very small gap can 
be used. This is important for the millimeter wave region where the 
fields required are of the order of 20 kilogauss. Waveguide techniques 
are probably more convenient for substances in the powder or gaseous 
form. A balanced waveguide bridge for measuring paramagnetic reso¬ 
nance has been described. 17 



I'or 1 lie study of magnetic resonance absorption in gases Beriuger and 
C astle 18 have designed the extremely sensitive spectrometer shown in 
l'ig. 1.3. As indicated in the diagram, it employs a frequency-stabilized 
source, a cavity absorption cell, and a bolometer as a detector. The 
narrow-banded, phase-sensitive amplifier is locked in on the 30 cps 
power used to modulate the spectral line. Although designed for gases 
this spectrometer can be used with equal effectiveness for the investiga¬ 
tion of paramagnetic solids or solutions. The bolometer allows the 
detection of powers in the milliwatt range without the excessive low- 
frequency noise found in crystals. Thus the need for a balanced micro- 
wave bridge is avoided. A bolometric detector has particular advan¬ 
tages m paramagnetic resonance studies where the usable power is not 
seriously limited by saturation effects. 

For the broad paramagnetic lines usually encountered in solids an 
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ordinary electromagnet with a d-c generator power supply is adequate, 
and a commercial fluxmeter is satisfactory for measuring the field 
strength. Sharp lines such as are found in gases, free radicals, or di¬ 
luted salts at low temperatures justify more elaborate equipment. A 
well-regulated power supply capable of being varied in small steps is 
necessary, and an accurate fluxmeter such as the proton resonance 
meter is desirable. High-quality magnets as well as proton resonance 
fluxmeters are now available commercially . 19 

l.lg. Zeeman Spectrograph for Gases. The problem of observ¬ 
ing the Zeeman splitting of rotational lines is different from that of 
observing paramagnetic resonance absorption, although the magnetic 
field requirements are similar. The line components in many Zeeman 
studies are not sufficiently sensitive to the field to be swept through a 
fixed source frequency or to be modulated efficiently by an alternating 
magnetic field. One of the detecting methods described in the preced¬ 
ing sections is usually employed. The only remaining problem is the 
construction of an absorption cell so that a strong, uniform magnetic 
field can be imposed. The compact resonance cavity cell has advantages. 
This type of cell has been used in several measurements by Jen ,- 0 who 
employed source-frequency modulation to aid detection. Figure 1.4 

shows a diagram of Jen s spectrometer, together with a spectrum ob¬ 
tained with it. 


Foi measuring the nuclear magnetic moments of radioactive iodines, 
(ioidy, (lilliam, and Livingston - 1 used a waveguide cell coiled in such a 
way that it could be placed between the poles of an electromagnet. 
Also, it was coiled so that only 7 r components were observed. The 
pioton resonance cell used to measure the magnetic field was placed at 
fhe center of the coil, and the entire cell was enclosed within a Bakelite 
flask foi cooling (o dry-ice temperature. The crystal video receiver was 
used for some measurements, and for others the lock-in amplifier was 
combined with source modulation. 

Roberts, Beers, and Hill 22 observed the Zeeman effect in an ingenious 
manner in the hyperfine structure of Cs vapor in the 3-cm wave region, 
i heir method, which is applicable to other paramagnetic substances, 
employs a Pound stabilizer to couple a microwave oscillator to the 
resonant frequency of an external tunable cavity which contains the 
vapor at low pressure, about 10 ~ 2 mm of Hg. The anomalous dis¬ 
persion of the vapor in the region of an absorption line alters slightly 
the resonant frequency of the cavity. When an absorption line occur¬ 
ring at the cavity frequency is modulated, it will in turn modulate the 
cavity frequency and that of the oscillator to which it is coupled. An 
i-m receiver connected to the oscillator and tuned to the modulating 
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frequency will then detect the absorption line. The oscillator frequency 
is pre-set near the absorption line, and the Zeeman components are 
pulled through the cavity frequency by an external magnetic field. The 
modulation is produced by superimposing a weak alternating field. 
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1.2. MICROWAVE COMPONENTS 

Various types and arrangements of microwave components are used 
by different workers in microwave spectroscopy. In fact, one seldom 
sees two spectrometers with identical arrangements of these parts. 
There are common functions, however, which must be performed by the 
microwave components of any spectrometer. They are: (1) generation 
of microwave power, (2) measurement of frequency or wavelength, 
(3) guidance of the radiation through the absorbing substance under 


Wavemeter 
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investigation, and (4) detection of power or variations in power. In 
addition to these basic functions, a monitoring of the microwave power 
and a regulation of its flow by proper attenuation are usually necessary. 

I'igure 1.5 shows three possible arrangements of components for these 
functions. The first (a) is one of the simplest. For measurements 
where the accuracy of a cavity wavemeter is sufficient and for regions 
for which klystron generators are available, this diagram shows all the 
necessary components. Figure 1.56 gives an arrangement which pro- 
V| des for coupling in precision frequency markers. Figure 1.5c repre¬ 
sents a still more complicated design which assumes that the radiation 
source is a crystal multiplier driven by a klystron. 

In addition to these components, the precision frequency standard 
often employs a microwave klystron multiplier. If a superheterodvne 
radar receiver is used, a microwave mixer and local oscillator are re¬ 
quired in the receiver. In special applications numerous other micro- 
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wave instruments may be needed, such as thermistor bridges, standing- 
wave detectors, microwave switches, line tuners, mode filters, focusing 
horns, and spectrum analyzers. Furthermore, there are many different 
designs for each component. It is impossible in a volume of this length 
to give details of these components. Extensive treatments are available 
in the Radiation Laboratory Series 23 and other reference books. Vol¬ 
umes 6-12 and 14-16 of the Series deal specifically with microwave 
components. To one unfamiliar with microwaves, the maze of informa¬ 
tion presented in these lengthy volumes can be confusing. The reader 
of these books should bear in mind that the requirements of microwave 
radar are different in many respects from those of microwave spec¬ 
troscopy. 

Because the spectroscopist does not, in general, deal with high powers 
and because his measurements are usually made in the laboratory where 
size, shape, weight, ruggedness, resistance to weather, etc., are of 
secondary concern, many of the transmission line components designed 
for radar are needlessly complicated and expensive for his use. On the 
other hand, the spectroscopist must place more emphasis on frequency 
coverage or broad-bandedness of the components since a microwave 
spectroscope, unlike a radar set, is not operated at a fixed frequency. 
Also, when adapting radar instruments for microwave spectroscopy, one 
should remember that practically all the radar sets of World War II 
operated at wavelengths of 3 cm or longer, whereas the region of most 
interest to the microwave spectroscopist is at wavelengths shorter than 
3 cm. For this reason, waveguide components are used almost exclu¬ 
sively in microwave spectroscopy, whereas coaxial lines as well are used 
extensively in radar. Much more emphasis is placed on precision fre¬ 
quency measurement in spectroscopy than in radar work. There is also 
a fundamental difference in the requirements of detection: in absorption 
spectroscopy a decrement in the normal flow of power is detected, 
whereas in radar the signal to be detected is a positive pulse of power. 

A condensed description of the individual microwave components 
most often needed in spectroscopy follows. 

1.2a. Waveguide. Rectangular waveguide is used extensively in 
making components such as attenuators, absorption cells, crystal de¬ 
tectors, and mounts, as well as for microwave transmission. For most 
purposes the guide must have such dimensions that it will propagate 
only the lowest or dominant mode. One important exception is the 
waveguide absorption cell, which can usually be constructed so that 
undesirable higher modes are not excited. 

The longer wavelength limit for a given mode is determined by the 
cut-off wavelength given in terms of the inside dimensions of the guide, 
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a and b , by the equation 

\ = 2/[(m/a) 2 + (n/b) 2 ] 1 ' 2 , (1.1) 

where m and n designate the particular mode. This formula applies for 
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is at right angles to the lines of the magnetic field at the surface. It is 
useful to know the direction of flow of these currents since it is possible 
to cut narrow slots in the guide without causing significant losses or re¬ 
flections, provided that these slots are cut along the lines of current 
flow. Slots are sometimes needed for such purposes as measuring 
standing waves or for interrupting eddy currents when magnetic modu¬ 
lation is employed. 

The wavelength in the guide, X g , longer than in free-space propaga¬ 
tion, is given by the formula 

X, = X/[l - (X/X c ) 2 ]^, (1.3) 


where X is the corresponding free-space wavelength and X c is the cut-off 
wavelength defined by Eq. 1.1. 

The attenuation of the dominant TE 0i mode in rectangular pure 
silver guide for wavelengths much shorter than cut-off (X < X c ) is 


0.0107 \b/2a{\ c /\) y * + (X c /X) 


a = 


— w 




I 


[(x c /x ) 2 - 11* 


db/ft, 


(1.4) 


where a and b are in inches, and where a represents the smaller and b the 
larger dimension of the guide. Attenuation for copper guide may be 
obtained by multiplying this expression by 1.03; for brass, by 2.08; and 
for gold-plated guide, by 1.23. For wavelengths longer than cut-off 
(X > X c ), the impedance is a pure resistance, and the attenuation 


a = 54.(3[1/X C 2 — 1/X 2 ] 12 db/unit length 
or when X » X c 

a « (54.(3/X c ) db/unit length. 




Waveguide and hence waveguide components of many different sizes 
are required to cover the workable microwave region. The region of 
most interest to the spectroscopist is that from about 1 mm to 2 cm in 
wavelength. Figure 1.7 shows the sizes of guide | necessary for coverage 
of this region, with the losses at the limits of the recommended bands for 
the dominant mode in silver guide. The radar band of highest frequency 
employed during World War II is that designated as the K band. For 
spectroscopic work at Duke the guide sizes and band designations for the 
millimeter wave region have been adopted as given in this chart. The 
sizes are chosen so as to require a minimum number of waveguide 
components with only slight overlapping of the recommended bands. 

f Waveguide in all these sizes of coin silver or of other material is obtainable from 
llorton-Angell Company, Attleboro, Massachusetts. 
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They do not exactly coincide with the sizes of the output guide of the 

Raytheon millimeter wave tubes, f The mismatch is not great, however 

and a satisfactory matching taper can be made simply by’filing the 
inside of the guide. 
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The butt joint is not frequency sensitive, and, if it is carefully made, 
reflections which it produces will be as low as, or lower than, those of the 
choke joint. The two surfaces forming the butt joint should be clean and 
well matched, and they should be pulled together tightly. Most of the 
waveguide components can be made of a single piece of guide so that few 
joints are necessary. Choke coupling is perhaps desirable only at the 
entrance and the exit of the absorption cell, where it is necessary to 
interpose a dielectric seal. Thin mica windows, however, are frequently 
inserted within a butt joint with no choke coupling. 

In making transitions from guide of one size to another, tapered 
sections are used. The length of the taper for a satisfactory matching 



Fig. 1.8. Electroformod K to // transition section with //-band mount for 1N53 

crystal. 


depends upon the relative sizes of the guide to be matched. The length 
is not critical, however. A taper angle of the order of 3° is usually 
satisfactory. Good transitions can be made by milling out two halves 
from a block of metal such that the seam where the halves are joined 
occurs in the center of the broad side of the guide. They can be made 
more satisfactorily by the electroforming process.f The waveguide for 
the output crystal mount can be electroformed with the transition 
sections so that a junction is eliminated. See Fig. 1.8. These and many 
other high-frequency millimeter wave components are now electro- 
formed. 

1.2c. Attenuators. The most commonly used waveguide attenuator 
is the simple flap attenuator similar to that in Fig. 1.9. Though the 
dimensions are not critical, the more gradual the taper of the attenuating 
material, the better is the impedance match. Usually the attenuating- 
strip is of I.R.C. resistance card (carbon-coated card about 1 ^ 2 in. thick). 

t Detailed directions for electroforming microwave components are given by 
R. J. Coates and S. F. Rogers (Report 3673, Naval Research Laboratory, Washington, 
June 8, 1950). 
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When carefully constructed with a suitable dial, these attenuators can be 
calibrated. Calibrated waveguide attenuators are available com¬ 
mercial! y f for the wavelength regions longer than 1 cm. 



Fig. 1.9. Simple flap attenuator. 


1.2cf. Impedance-Matching Devices. The subject of impedance 

measurement and impedance matching is too extensive for the present 

discussion. The few remarks given here are intended to help the reader 

to apply the information on the subject available in the volumes already 
mentioned. 23 

In microwave spectroscopy the necessity for impedance-matching 
devices should be avoided wherever possible by careful design and 
construction of components. Line tuners and other narrow-banded 
devices are to be avoided in sweep spectroscopes. Whenever an in¬ 
tolerable and unavoidable reflection occurs at some point in the line, it 
should be canceled by a broad-banded device which would of necessity 
be placed near the point of reflection. Most of the accessory components 
are between the absorption cell and the generator. Reflections from 
them are not serious since attenuating pads can be interposed at any 
point to reduce resonances. An attenuator should not be placed beyond 
the cell because it attenuates the absorption line signal. It is desirable 
to place the final detector as near the cell as possible. When this is done 
the tuners used to match the detector to the waveguide can also reduce 
the reflections from the output cell window. Wherever possible, broad- 

banded, non-resonant cell windows should be used. These are commonly 
ot thin mica. 

1.2e. Directional Couplers. It is necessary to couple out a fraction 
ot the power from the main transmission line for such purposes as 
measuring frequency, monitoring power, or measuring standing waves. 

H.iokly y n t T, h N iC Y IiftSearCh an< ‘ DeVe '° Pment C ° m,,any ' Illc - 202 Hilary Street, 
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Since the usual klystron generator provides several milliwatts of power, 
only about Koo of this is needed for monitoring or for making frequency 
measuiement with a cavity wavemeter. This division of power requires 
a coupler with a coupling coefficient of the order of 20 db. A simple and 
adequate coupler for this purpose is the Bethe-hole directional coupler 24 
desciibed below. In making precision frequency measurements, it is 
customary to measure with a calibrated receiver the beat note of the 
source oscillator with a standard frequency marker obtained by multi¬ 
plying the signal from a relatively low-frequency oscillator which is 
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monitored by comparison with station WWV. Since the frequency 
marker is ordinarily very weak at frequencies of K band or higher, it is 
necessary to use a sizable fraction of the source power for beating with 
the marker signal in order to obtain good reception. Line dividers such 
as L 01 \ sections are satisfactory when half the source power can be 
spaied. When this is not the case, two-hole directional couplers which 
have coupling coefficients of 6-12 db are satisfactory. 

In (he Bethe-hole coupler a section of auxiliary guide (see Fig. 1.10a) 
is placed over the main transmission guide, broad side to broad side as 
shown, with a small coupling hole in the center. By treating the coupling 
hole as polarizable, Bethe 25 has shown that the coupling into the 
auxiliary guide will take place through an induced magnetic as well as an 
induced electric dipole, the radiation coupled through the induced 
magnetic dipole is out ol phase with that coupled through the induced 
elect i ic dipole for the forward direction but reinforces it in the backward 
diiection, i.e., in the direction opposite to the power flow' in the main 
line. Hence, the Bethe-hole coupler is a directional coupler. However, 
lor complete cancellation of the forward radiation the magnitude of the 
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coupling through the magnetic vector must be equal to that coupled 
through the electric vector. Usually the former is slightly larger. When 

this is true, the two can be made equivalent bv a rotation of the auxiliary 
guide with respect to the main guide. 

Bethe’s theory gives the coefficient of coupling, (', which represents 
the relative power in db in the two guides as 


1 


7 rd 


3 


C = 20 Iog 10 j — — [cos 6 + h{\/\) 2 F E /F H }Fj, . 


0.7) 


where 6 is the angle between the guides, a and b are the guide dimensions, 
d is the diameter of the coupling hole, X is the wavelength in free space,' 
and X fi that in the guide. The attenuation factors of the hole for electric 
coupling, F /?, and for magnetic coupling, Fn, are: 


and 




[\r = e -2W[(1.71rf)-2-X-2|'i 


( 1 . 8 ) 

(1.9) 

wheie t is the thickness of I ho hole. When t ho angle 6 is such that the two 
couplings are equivalent, 


cos 0 = \)-F,, F„, 


( 1 . 10 ) 


\vlii(.*li for a hole of small / becomes 


COS 0 ~ -£(X*/X) 2 . ( 1 . 11 ) 

These formulas allow one to design a Bethe-hole coupler for any wave¬ 
length or guide size. It should be remembered that the Bethe theory 
assumes that the diameter of the hole is small as compared with the 
wavelength. Also, it the hole is made larger, objectionable reflections in 
the main guide will result. Coupling coefficients as low as 15 db are 
nevertheless feasible. Design curves for K and X bands are given bv 
KyhI .- 1 For X = 1.25 cm in standard A'-band guide a hole 0.21 in. in 
diameter and 0.040 in. thick gives a coupling of 20 db and requires for 
maximum directivity an angle of 55°. 

The Bethe-hole coupler is not particularly frequency sensitive and is 
excellent for monitoring power or for measuring frequency with a cavitv 
wavemeter. It is convenient to put the wavemeler on the end of the 
au.xihary guide in the direction of flow of maximum power and a detector 
on the opposite end. Sufficient power is reflected from the wavemeter 

° , detector t0 « lve a ''ending at all times. When the wavemeter is 
|">ed to resonance, i, reflects less power, and this decrease is indicated by 

10 dHe( ' tor - For I'ower monitoring the detector should be put in the 
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direction of the power flow in the auxiliary guide, and a matched load 
should terminate the opposite end. 

Figure 1.106 shows a design for a broad-banded, two-hole coupler 

which can be used to couple out Ko or more of the power from the main 

transmission line. Here the narrow sides of the guide are placed together. 

The two coupling holes are separated along the guide by about y± 

wavelength. In this type of coupler, the direction of power flow in the 

auxiliary guide is the same as that in the main guide. It is easy to see 

that the power coupled through the two holes will be out of phase for the 

reverse direction since the path difference is then ^ wavelength, and that 

the power will be reinforced in the forward direction because the path 
difference for this direction is zero. 
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A table of experimentally determined couplings for slots of different 
sizes and for wavelengths above 1 cm is given by Kyhl. 24 A coupling of 
8.0 db for X = 1.25 cm in the AT-band guide is obtained with slot sepa¬ 
rations of 0.152 in. and slot dimensions as follows: length, 0.1G6 in.; 
\m t , 0.0G2 in., and thickness, 0.080 in. These dimensions can be 
sea ed down according to wavelength for making a suitable coupler for 
millimeter wave bands. For two round holes spaced wavelength 
apart, the amount of coupling can be calculated with the formula 



( 1 . 12 ) 


derhed by Bethe.- 5 The symbols here have the same significance as 
defined above for the single Bethe-hole coupler. In general the two-slot 
couplet is to be preferred since it is more broad-banded and can be used to 
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produce a stronger coupling than that of the coupler with two round 
holes. 


1.2f. The Magic Tee. An extremely useful device is the so-called 
magic tee shown in Fig. 1.11. In microwave spectroscopy it is used, 
among other things, as a power divider or directional coupler in precision 




Fig. 1.11. 


\\ aveguide magic tee. 


frequency measurement, as a standing wave detector, as a bridge for 
balancing microwave power, and as part of a discriminator for oscillator 
stabilization. The magic tee is a waveguide junction of four arms 
J hese are commonly described as the E and II arms and two side arms 
as designated in Fig. I.lla. The II arm is so designated because it 
couples to the two side arms through the magnetic components of the 
leki. the E arm is so designated because it couples to the side arms 
through the electric components. There is no direct coupling between 
the h and // arms because they are “crossed” waveguide. An ideal tec 
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is electrically symmetrical: the impedance looking into each arm is 
matched. There is then no cross coupling between E and H or between 

I and 2. I ower passed into the H arm divides equally between the side 
arms, with none entering arm E except that which is reflected from the 
side arms. Power entering either side arm divides equally between the E 
and H arms with only reflected power entering the other side arm. The 
phase lelat ions of the radiation in the different arms are of consequence. 
These can be followed by observation of the electric component of the 
field. For the H coupling there is no change in the direction of the vibra¬ 
tion of the E vector, and energy passing into the two side arms from the 

II arm will be in phase. For coupling from the E arm the electric vector 
swings around as indicated in Fig. 1.116, and the radiation passing into 
the two side arms is 180° out of phase. Conversely, if phase-coherent 
energy is fed into arms 1 and 2, it will be out of phase in the E arm. 

' anous methods have been proposed for matching the impedance of 
the magic tee. Perhaps the simplest is the use of two irises, the positions 
and dimensions of which are determined experimentally. For K band 
they are given in Fig. 1.11a, as taken from Vol. 16 from the Radiation 
Laboratory Series. 13 For some purposes it is possible to use the un¬ 
matched tee. However, there is then some cross coupling and a large 
standing-wave ratio. 

l.2g. Waveguide Mounts for Crystal Mixers and Detectors. 

Ihe ciystals most commonly used in microwave spectroscopy for 
detection and frequency multiplication are the 1N26, 1N31, or 1N53 
silicon crystals. In construction these crystals are mounted along the 
inner conductor of a coaxial line shorted at one end. See Fig. 1.15. 

I hus the waveguide mounts must provide a waveguide-to-coaxial tran¬ 
sition. Figure 1.12 shows a cross section of a simple, tunable waveguide 
mount for the use of the 1N26 or 1N31 crystals as detectors. This 
design can be adapted to the 1N53 by a simple alteration of the size of the 
coaxial mount holding the crystal cartridge. Because of the smaller size 
ot the 1N53, it is advisable to fit the prongs which hold the crystal to the 
outside rather than to the inside of the crystal cartridge. This type of 
mount can be made for all sizes of millimeter waveguide shown in Fig. 
U. Figure 1.8 shows an //-band waveguide mount electroformed with 
the output tapered section which connects it to a cell of A’-band guide. It 
has two tuning adjustments. One adjustment consists of sliding the 
crystal in and out so as to change the length of the terminated coaxial line 
containing the crystal. I o make this adjustment possible, the inner and 
outer conductors of the coaxial connector are constructed so that frictional 
contact is made by spring fingers with the inner and outer conductors of 
the crystal container. (Alternately, the crystal can be mounted in a 
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fixed position and the tuning screw placed on the guide immediately 
before the crystal.) The inner connector extends across the guide al 
the centei, where the A field is strongest, and connects to the center 
conductor of a dielectric cable which transmits detected energy. Pre¬ 
ceding the cable connector is a choke-and-by-pass condenser which 


Receptacle for xtal 


Shorting plunger 



Cable connector 


Scale of inches 


0 



2 


Fig. 1.12. Waveguide mount for coaxial type crystal detente 


>r 


prevents leakage of the microwave power into tlie dielectric cable. A 
•second tuning adjustment is the movable shorting plunger in the end of 
the guide which has the usual j 4 -wave chokes. 

In the higher-frequency millimeter-wave region the performance of a 

crystal detector can often be improved if the crystal is removed from its 

cartridge and mounted directly in the guide. This has been tried bv 

('• M. Johnson and others with good results. Crystal mounts of the 

types described here are usually employed with the various modulation 

spectrographs like the Stark spectrograph, as well as with the simnle 
\ ideo type of detection. 

Superheterodyne detection is commonly employed in fixed-frequenev 
■spectrometers such as those designed for the study of paramagnetic 
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resonance. It is often used with frequency-sweep spectroscopes for 
detecting the markers of the secondary frequency standard. In this 



type of detection the same crystal acts as a mixer and as a detector. 
Provision must be made for superimposing both the local-oscillator 
power and the signal power upon the crystal. A relatively simple, and 



Fir,. 1.14. Crystal mixer and multiplier for standard frequency markers. 


perhaps the most effective, way of doing this is with a magic tee. Figure 
1.13 illustrates how this is done in the balanced magic-tee mixer. Crystal 
mounts, which may be of the type described above, are connected to the 
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side arms 1 and 2. The signal power is fed in through either the E or II 

arm, and the local-oscillator power is coupled in through the remaining 

arm. The output from the two ciystals is then coupled in push-pull to 
the amplifier. 

Ihe balanced magic-tee mixer has several advantages, the most 
important of which are the suppression of local-oscillator noise and the 
good coupling of both the local oscillator and the 
signal power to the crystals with a negligible inter¬ 
action between the local oscillator and the signal cir¬ 
cuits. The reason for the latter is apparent from the 
discussion ot the magic tee already given. For a 
thorough discussion ot this and other types of mixers, 

see Yol. 1G, by Pound, in the Radiation Laboratory 
Series. 2 * 

Y hen strong frequency markers are available, as is 
usually the case for Tv-band or longer waves, a satis¬ 
factory mixer-detector can be made for frequency- 
standard measurements by simply mounting the 
crystal on a straight waveguide section, as indicated 
in Fig. 1.14. Here the marker power is passed into 
the crystal from one direction, and a sample of the 
souice power is superimposed from the other direc¬ 
tion. In this application the interaction of the two 
circuits is not serious. Tuning screws can be pro¬ 
vided for matching the crystal to the guide. However, 
the tuning provided by sliding the crystal in and out 
is usually adequate ii it is placed near the multiplier 
crystal, as indicated in Fig. 1.14, so that the tuning 

adjustment of the latter can help to match the mixer 
crystal. 

1.2/i. Detectors. Crystals. A silicon crystal 
mounted in a coaxial cartridge, as shown in Fig. 

1.15, is the most commonly used detector. The 



Fig. 1.15. Cross 
section of coaxial 
crystal cartridge. 
(Courtesy Sylva- 
nia Electric Prod¬ 
ucts Company.) 


1X26 crystal, developed for A'-band radar, is of this type. This ver¬ 
satile crystal is used in mixers, detectors, and frequency multipliers, 
ihe 1N53 for millimeter waves is similar except that it is mounted in a 
smaller cartridge. The ceramic type, 1X23, was developed primarily for 
J-rm waves and is not often used in microwave spectroscopy Selected 
1X26 types are used as video detectors. Although special crystal video 
detectors, such as the Sylvania 1X31 and 1X32, are available, these are 
designed primarily for frequencies of 10,000 Me and lower Tests by 
( • M. Johnson, however, indicated that the 1X31 performs very well in 
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crystal video spectrometers at K band and even in the millimeter-wave 
region. A comprehensive treatment of these and other crystal rectifiers 
is given by Torrey and Whitmer in Vol. 15 of the Radiation Laboratory 
Series™ See also Vol. 16, by Pound. 23 The Sylvania 1N53 crystal is 
designed for frequencies above 30,000 Me. Its characteristics are not 
now available for publication. Our tests indicate that it is superior to 
the 1N26 for all millimeter-wave spectroscopy. 

The characteristics of these rectifiers vary from crystal to crystal. 
There are, however, general characteristics which are qualitatively 
alike for all. Figure 1.16 shows how the conversion loss and noise 


Fig. 1.10. 



Characteristic variations of noise temperature and conversion loss with 

rectified crystal current. 


temperature depend upon the rectified crystal current. These are the 
most important properties for crystal detectors in Stark or similar 
spectroscopes. (See Sec. 1.4.) Combined with the noise figure of the 
amplifier, they determine the optimum operating power level for the 
spectrometer. In terms of rectified r-f current, this is the minimum 
point of the curve in Fig. 1.17. Beyond a certain minimum, the power 
level is not critical, as can be seen by the flattened bottom of the curve. 
It the power level (or rectified current) falls below a certain miminum, 
however, the performance drops rapidly with further decrease in power. 
In the Stark and other modulation spectrometers, the power supplied to 
the absorption cell also acts as local-oscillator power in the simulated 
heterodyne receiver. It is important that this power be kept above a 
certain minimum (usually of the order of 1 \o mw) to prevent excessive 
conversion loss. For the typical radar receiver with a microwave local 
oscillator and an intermediate frequency of 30 Me the optimum local- 
oscillator power level is of the order of }/£ mw. Because of the much 
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greater noise temperature generated by the rectified current at low- 
frequencies, the optimum power level for a modulation spectrograph 
operated at 100 kc would be lower than that of the radar receiver, 
probably about 1 ( 0 mw or lower. In practice, one optimizes the power 
level for a given crystal on a known absorption line. 

In addition to the conversion loss and noise temperature, the crystal 
impedance, both input and output, varies with the power level. For 


Rectified crystal current-► 

* IG ‘ L17, Effective over-all noise figure as a function of rectified crystal current. 

ne optimum current (indicated by the dotted line) is usually the order of milli- 
amperes. Note the variation is not critical in the vicinity of the optimum current. 
I he form of the curve is determined primarily by the L and t curves of Fig. 1.10. 

optimum performance one must tune the crystal at the power level at 
which it is to operate. 

In video receivers the crystal operates as a square-law detector; i.e., 
the detected voltage or current is directly proportional to the input 
power. For silicon detectors this is true only for powers lower t han about 
10 MW. figure 1.18 illustrates the behavior of the Sylvania 1X32 video 
crystal. It indicates, in a general way, the behavior of other crystals 
operated as square-law detectors. It is seen that, below 10~ 5 watt, the 
detected current and voltage are linear functions of the power and that 
the video resistance^ relatively constant. Note that, in the region be¬ 
tween 10 J and 1CT 4 watt, the video resistance changes rapidly with 
power. A video amplifier matched to the crystal at 1()“ 5 watt will defi¬ 
nitely not be matched at 10~ 4 watt. For a definition of the figure of 
merit, of a video crystal, see Art. \Ad. 

A property of considerable importance to microwave spectroscopists 
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is the variation of crystal noise temperature with frequency. For 
detected microwave power of the order of a milliwatt, this noise is 
hundreds of times greater at 100 kc than at 30 Me. Miller and Green- 



Fig. 1.18. Characteristic curves for Type 1N32 Sylvania silicon crystal. (Courtesy 

Sylvania Electric Products Company.) 


blatt - () found that the noise in excess of the .Johnson noise generated by a 
crystal varies inversely with frequency. In assessing the relative 
importance of this excess noise, one should consider the power level at 
which the crystal operates. For power levels below about 5 /*w, with 
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no bias other than that of the rectified microwave power, the excess 
noise is relatively unimportant even at audio frequencies. Under these 
conditions the noise is essentially the Johnson noise which does not 
vary with frequency. With the small power now available from gener¬ 
ators (excepting magnetrons) for the wavelength region below 5 mm, 
one may as well amplify the signal at audio frequencies as at radio 
frequencies. However, in the centimeter region, where milliwatts of 
power are available, considerable gain in sensitivity can be obtained by 
the use of the higher power and by the amplification of the signal at 

radio frequencies to avoid the low-frequency noise generated in the 
crystal by this power. 

No quantitative data are available for publication on crystals designed 
foi performance at millimeter-wave frequencies. Silicon crystals have 
been used with success at Duke both as multipliers and as detectors in 
spectrographs operating in the 2- to 5-mm wave range. 

Thermal detectors. Thermal detectors have not been used widely in 
microwave spectroscopy and will not be discussed in detail here. They 
have the disadvantage that they cannot be used with rapid modulation 
methods. Certain types, however, can respond to modulation fre¬ 
quencies of the order of 100 or more cycles per second. Wherever it is 
necessary to use low-frequency modulation, as is the case with Zeeman 
or molecular-beam modulation, they are probably superior to crystals 
because microwave power does not generate in them the low-frequency 
noise which it generates in crystals. Beringer and Castle 18 made use of 
this advantage of thermal detectors in their studies of the paramagnetic 
resonance of gases. Details of thermistors and bolometers with their 
associated circuits are given in Vol. 11 of the Radiation Laboratory 
Series. 2 * A discussion of their sensitivities for microwave spectroscopes 
is given by Beringer and Castle 18 and by Gordy. 4 

1.2u Absorption Cells. Like other microwave components, absorp¬ 
tion cells can be, and are, made in a variety of ways. A few of the more 
common types are described here. The simplest cell, commonly used, 
is a section of waveguide sealed at each end by thin dielectric windows 
(usually mica). The optimum length for these cells depends upon the 
waveguide lossesas well as upon the type of detection. For a square-law 
detector it is a~ l and for linear detection it is 2 a c ~\ where a c is the 
coefficient of attenuation of the guide. The effective absorbing length 
of a waveguide cell depends upon the wavelength in the guide and is 

ha = l(\ g /X), (1.13) 

where / is the measured length, X, is the wavelength in the guide and X 
is the corresponding free-space wavelength. Molecular saturation may 



38 


INSTRUMENTS AND EXPERIMENTAL METHODS 


be avoided by the use of oversized waveguide. A tapered transition 
section is then used at each end to match the impedance of the cell to the 
smaller guide of the transmission line. These transition sections are 
usually included in the cell with the cell windows at the smaller ends of 
the transition. If the windows are placed across the larger guide, there 



Fi(i. 1.19. Coiled waveguide absorption cell. 


is danger of inducing higher modes which can be transmitted in the 
larger guide. Also, the larger the area of the window, the thicker it 
must be to withstand atmospheric pressure, and it is desirable to have the 
window as thin as possible in order to reduce reflections. Round holes 
are made in the guide for evacuation of the cell and for introduction of 
the gas. The diameter of these holes should be small as compared with 
the wavelength in the guide. For A-band waves they can be of the 
order of in* To increase the pumping rate, several of these small 
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holes can be bored without adverse reflections, provided that they are 
properly staggered to prevent resonance at any given wavelength. For 
studies of the Zeeman effect, a solenoid can be conveniently placed 
around a waveguide cell. When not made of oversized guide, the cell 
can be tightly coiled so that it can be placed between the poles of a 
permanent magnet or an electromagnet. Figure 1.19 shows a cell of 
./-band guide coiled for placement in a cooling flask. 

A resonant cavity provides a compact cell which is very effective for 
special studies. However, because it must be tuned to a particular 
wavelength, it is not very suitable for a search spectrometer. The 
effective absorbing path, / e ff, is 



(U4) 


where Ql is the Q of the loaded cavity, X g the wavelength in the guide, 
and X the corresponding wavelength in free space. Thus, for a high-Q 


cavity, the effective absorbing path is equivalent to a very long wave¬ 
guide cell. It can be shown 4 that the absorption coefficient of a gas, a g , 
at the cavity resonant frequency v is 


<*g = — 1 /Q), 


(1.15) 


where Q is for the unloaded cell and Ql represents the value after the gas 
is admitted. Thus, from measurement of the Q of the cavity before and 
alter the gas is admitted, a g can be calculated. Bleaney and Penrose 27 
initiated the method of detecting with a loosely coupled detector the 
power at the peak of the cavity response curve with and without the 
gas in the cavity. Then, 


(d L /d) = Q l /Q, 


( 1 . 10 ) 


and it lollows from Kq. 1.15 that 


a g = (2t rv/cQ)[(d/d i y - — 1J' 


(F17) 


Here (t L and d represent the indicator responses with and without the 
gas in the cavity. For best sensitivity, a high-Q cavity with a frequency- 
stabilized source should be used. 

A convenient way to construct a Stark-modulation cell is to place a 
conducting strip down the center of a waveguide section as indicated 
in the cross sections of Fig. 1.20. This method, originally described hy 
Hughes and Wilson, 8 is frequently employed. The conducting strip is 
held in the center, perpendicular to the E lines, by a dielectric material 
such as Teflon which also insulates it from the waveguide walls. Usuallv 
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(c) 


Fig. 1.20. Details of Stark cell construction: (a) placement, of Stark electrode; 

(b) Stark voltage connection; (c) connection to vacuum system. 
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the waveguide is grounded and the modulating voltage applied to the 
inner conducting strip. For other Stark-cell designs, see reference 28. 

Cell windows which are usable over a wide temperature range can be 
made by squeezing a thin sheet of mica with a lead gasket between two 
flanges or between a choke and a flange coupling. After some practice, 
very satisfactory seals can be made with a relatively low impedance 
mismatch. If the opening in the lead gasket is too small or if too much 
pressure is applied, the lead will protrude into the waveguide opening. 
When finished, the window should be examined visually or by a standing- 
wave measurement to make sure that the lead does not protrude. 

1*2/. Cavity Wavemeters. Wavelength measurements accurate to 
a few megacycles can be made with coaxial or hollow cylindrical cavitv 
wavemeters. The coaxial type is used principally for wavelengths of 3 cm 
or longer; the cylindrical cavity type, for waves of 3 cm or shorter. 

The standing-wave patterns set up in a cylindrical cavity have modes 
in d, r , and z dimensions. Two types of waves are possible: those for 
which E z is zero throughout the cavity (transverse electric or TE modes), 
and those for which H z is zero (TM modes). The resonant frequencies of 
the cavity are then given by 


(fD) 2 = [(cx ltn )/iv} 2 + (cn/2) 2 (D/L) 


(1.18) 


where xi m is the rath root of the Bessel’s function, J'i(x) = 0 for TE 
modes, or J i(x) = 0 for TM modes; /, ra, and n are integers representing 
the number of rodes along 6, r, and 2 , respectively; and c is the velocity 
of light. Solutions of Eq. 1.18 are plotted in Fig. 1.21, where/is expressed 
in megacycles per second and D and L are in inches. In normal usage 
E is varied until resonance occurs for successive values of n. The 
interval AL is measured with a micrometer. The solution of Eq. 1.18 
for the An = 1 condition is 


2 A L = c/V / 2 — (cxim/irD) 


(1.19) 


which may be plotted on a large scale for the appropriate mode used, 
^uch a wavemeter chart is usually calibrated on known lines or crystal 
harmonics for most accurate results. 

It is evident from examination of Fig. 1.21 that for a particular value 
°f/0 several modes cross unless operation is restricted to TE Un modes 
with (fD/ 10 4 ) 2 less than about 0.82. If this were the only design 
criterion, all cavity wavemeters would be designed to operate in TE Un 
modes, and, indeed, such wavemeters are used for frequencies less than 
25,000 Me. Unfortunately, the quality factor Q is not highest for 
^ Ei in but for TE 01n modes. Q is a measure of the sharpness of tuning 
and can be expressed as Q = / 0 /A/, where / 0 is the resonant frequency 
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Fiq. 1.21. Mode chart for cylindrical resonant cavity. (From Wilson, Schramm, 
and Kinzer, Radar Systems and Components, Bell Laboratories Staff, D. Van Nostrand 

Company, New York, 1949, p. 912.) 


and Af is the width of the response curve measured between the half¬ 
power points. The ultimate accuracy of the cavity meter is determined 
by Q. For a silver cavity TE ni mode, D/L = 1, f = 25,000 Me, the 
Q is 8000. By comparison, the Q of a spectral line may be as high as 
250,000. Thus it is desirable to use higher-Q cavity designs, particularly 
at frequencies above 25,000 Me. 
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The TE 0mn modes have particularly high Q-values. Furthermore, no 
axial currents flow in these modes so that it is not necessary to furnish 
the cavity plunger with an r-f choke. Indeed, this feature can be used 
to damp out unwanted modes if a loose-fitting piston is made and a ring 
of polyiron is inserted behind the piston to absorb any radiation leaking- 
past the piston. To have a TEo\ n wavemeter 
cover a 20 per cent frequency band (about — 

half the recommended band of the associated = 

waveguide size), for n = 1 and 2, the meter 0 _ = 

should be designed to operate in the region ---- 

2.8 < (/£>/10 4 ) 2 < 3.9 approximately. It is 
evident from Fig. 1.21 that in this range 
spurious resonances can occur. As these are 
highly damped by the polyiron, however, 
they are easily distinguishable from the de¬ 
sired modes. Since there is no crossing of / D 

modes in the operating region, the experi- r lx 

mental tuning curves agree well with the 
theoretical ones. Adaption of standard mi¬ 
crometer heads makes the maintenance of the \^~ 1 

necessary tolerance easy, and at the higher 

Irequencies the larger diameter of these wave-_ 

meters makes them easier to construct than Diameter of 

the TE Un type. The Q of a TE ()U silver Coupling Hole 

wavemeter at 25,000 Me with D/L = 2 is Ha,1<1 in Inches 

17,000, over twice that of a TE\ U mode. K O.lio 

When the wavemeter is operated in the . 0.083 

'J'Eq 12 mode, the Q is 24,000. Narrower-band j jj jjl!? 

wavemeters of still higher Q using higher 

Tfiomn modes can be constructed with the 1 22 ' ^ ol, l>ling ins for 

aid Of Fig. 1 21 '*o..-nu»dc cylindrical 

b cavity wavemeter. 

A peculiar feature of the TE oln modes is 

(hat they are identically degenerate with TM Un modes which excite 

axial currents and hence are highly damped. A properly designed 

coupling iris does not excite the TM Un modes, but they may be excited 

by “cross coupling" if the cavity is not perfectly symmetrical, i.e. if 

t he piston face is not accurately perpendicular to the cavity axis, and if 

t he gap surrounding the piston is not uniform. Cross coupling obviously 
lowers the Q of the TE oln modes. 

A complete wavemeter circuit requires provisions for coupling energy 
carried by waveguides into and, if used as a transmission type wave¬ 
meter, out of the cavity. Coupling is generally attained by means of 


Diameter of 
Coupling Hole 
in Inches 

0.110 
0.083 
0.067 
0.055 


I’k;. 1.22. Coupling iris for 
TE oi «-mode cylindrical 
cavity wavemeter. 




44 


INSTRUMENTS AND EXPERIMENTAL METHODS 


round irises as in Fig. 1.22. The iris dimensions are adjusted so that the 
power dissipated in the cavity is about equal to that dissipated in the 
waveguide loads (assumed matched). 

Design details for wavemeters covering the K -, X-, and £-band regions 
are given elsewhere. 29 Meters for these regions are also available 
commercially. Figure 1.23 gives a diagram of a TEqi h cylindrical cavity 



Diameter of Cylinder 
in Inches 

0.564 

0.469 

0.375 


Useful Range in Me 

29,000-37,000 
36,000-42,000 
42,000-53,000 


Fig. 1.23. Cross section of TEoi n cavity wavemeter. 


meter with a table of the critical dimensions for coverage of the 5- to 
11-mm region. Approximate calibration curves can be calculated with 
Eq. 1.19. These should then be checked on accurately measured spectral 
lines or on standard frequency markers. 

1*2 k. Sources of Radiation. Klystrons. The reflex klystron is used 
almost exclusively as a primary source of radiation in microwave 
spectroscopy. W hen not used as a direct source, it usually serves to 
drive a crystal harmonic generator which is a secondary source. The 
klystron was invented shortly before World War II and was rapidly 
developed during the war period. It is now a familiar instrument to 
many physicists and radio engineers. For those unfamiliar with its 
operation, detailed treatments are now available. 30 Several different 
types of reflex klystrons are manufactured. They differ in constructional 
details or operating voltages, frequency range, etc. Table 1.1 lists 
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operating characteristics of Raytheon klystrons which cover the fre¬ 
quency range of most interest from 22,000 Me to 60,000 Me. 


Table 1.1. Characteristics of some Raytheon klystron oscillators f 


Tube Type 

Frequency 

Range 

(kmc) 

Typical 

Power 

Output 

(milli¬ 

watts) 

Typical 

Cathode 

Potential 

(volts) 

Maximum 

Cathode 

Current 

(ma) 

Inner Dimen¬ 
sions of Wave¬ 
guide Output 
(inches) 

RK-2K33 

22 -25 

40 

-1800 

10 

0.210 X 0.460 

QIC-289 

27.27-30 

18 

- 2250 

15 

0.140 X 0.280 

QIC-140 
QIC-290 

29.7-33.52 

IS 

- 2250 

15 

0.140 X 0.280 

QIC-141 

QK-291 

33.5-36.3 

18 

-2250 

15 

0.140 X 0.280 

QIC-142 
QIC-292 

35.1 -39.7 

10 

- 2500 

15 

0.140 X 0.280 

QIC-220 

QIC-293 

37.1-42.0 

5 

-2500 

18 

0.112 X 0.224 

QIC-227 

QIC-294 

41.7-50 

5 

-3000 

20 

0.112 X 0.224 

QIC-295 

50-55 

54-00 

I 

-3500 

20 

0.074 X 0.148 


t Raytheon Manufacturing Company, Tube Power Division, Waltham, 

Massachusetts. 


Reflex klystrons operate on the principle of velocity modulation of an 
electron beam by a resonant cavity. The velocity-modulated electrons 
form bunches and are reversed by a reflector voltage and sent back 
^ 3 in such phase as to give up energy to the oscillating 

held. The two-cavity klystron employs one cavity for velocity modu¬ 
lation and another for the generation of power. Some of the power 
generated in the second cavity is coupled back to drive the modulating 
cavity. A drift space is provided between the cavities, and no reflector 
,s squired. Because of difficulty of tuning, the two-cavity klystron is 
not used as a primary source in microwave spectroscopy, but it lias 
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found an important application in the multiplier chain of one type of 
frequency standard. 

Though the usual reflex klystron generates relatively low power, only 

a few milliwatts as compared with a few megawatts peak power available 

from magnetrons, there are several features which make it a very 

satisfactory radiation source for spectroscopy. Among these are the 

purity of its spectrum and the ease of tuning. For all practical purposes, 

it is a monochromatic source, the frequency of which can be varied 

mechanically over about a 15 per cent range or electrically over a range 

of about Ko per cent. Its frequency can be swept electrically at any 

desired rate, by simply imposing a modulating voltage on the reflector. 

Also, its output can be stabilized at a given frequency by coupling it 

electrically to an external cavity or to a spectral line. Because of the 

saturation effect in spectroscopy and because the most sensitive detectors 

are damaged by power beyond a few milliwatts, the power limitation of 
klystrons is seldom a disadvantage. 

The operation of a klystron depends strongly upon the load impedance. 
A highly frequency-sensitive load can cause sharp cusps or discon¬ 
tinuities in the oscillator mode which under some circumstances might 
be mistaken for spectral lines. Also, within the mechanical tuning 
lange of a given klystron operating into a given load, gaps or frequency 
bands in which the tube refuses to oscillate frequently occur. A high-Q 
wavemeter, when closely coupled, can cause frequency-pulling of the 
klystron which results in error in the wavelength measurement. To 
minimize these difficulties, a matched attenuating pad of about 10 db 
should be placed between the oscillator and load whenever the power 
can be spared. Frequently, there is insufficient power for optimum 
operation of the spectrograph with the attenuating pad. This is usually 
tine where the klystron is used to drive a crystal frequency multiplier. 

\\ hen this is so, frequent tuning of the load and substitution of oscillator 
tubes aie necessary to obtain complete coverage of a significant band of 
frequencies. M hen standing waves are present and little or no attenu- 
ating pad is used, it is desirable to insert a line squeezer so that the 
electrical length of the load line can be varied. Sometimes discon¬ 
tinuities in the output power occur even when the output load is properly 
tei minated. These depend on the internal properties of the tube and 
01 iginate largely in the electron beam. This type of behavior is desig¬ 
nated electronic hysteresis. 

Of considerable interest to the spectroscopist is the noise generated in 
reflex klystrons. \\ henever the klystron is used as a local oscillator for a 
superheterodyne receiver, this noise can be largely canceled with a 
balanced mixer, filtered with a resonant cavity, or avoided by an i-f 
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amplifier of high frequency. However, when the klystron is used as a 
primary radiation source, the noise cannot be so easily disposed of. 
Noise at microwave frequencies arises from random modulations of the 
cavity oscillation by irregular fluctuations in the beam current. Since 
the noise is generated in the oscillator cavity, it might be expected to 
have a fiequency distribution similar to the response curve of the cavity. 



1'1.24. i\ oise 
of i-f frequency, 
power point on hi 
voltage side of refl 


generated in crystal by 2K33 local oscillator plotted as a function 
Points represent data of Kuper and Waltz. 31 Curve A is for half- 
gh-voltage side of reflector mode; B is for half-power point on low- 
ector mode; C is for center or highest-power point of reflector mode. 


Hius the greatest amount of noise should occur at the resonant fre¬ 
quency, and the noise should fall to an insignificant amount at 50 to 100 
on either side of this frequency. The measurements of Kuper and 
\ alt z J1 show that this is approximately true but that the noise is not 
entirely symmetric about the resonant frequency. Their studies also 
reveal that the noise depends upon the reflector-voltage mode chosen 

1i . age in a given mode, 

it hm a given mode the noi.se is least when the reflector voltage is 

adjusted for maximum power. The noise is lowest for the 170-volt 

mode, which is next to the highest employed. The noise is in general 

ghei ' on tl,e high-voltage side of the mode. Figure 1.24 gives a plot of 
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the data of Kuper and Waltz, 31 which shows how the noise of a 2K33 

klystron falls off as the frequency separation from the cavity-resonant 
frequency increases. 

The miciowave noise components beat with the coherent microwave 
power to produce low-frequency noise in the video or i-f regions. Most 
Stark-modulation spectrographs are operated at 100 kc or lower. 
Spectrographs employing crystal video or bolometer detection operate 
in the a-f region. A consideration of Fig. 1.24 as well as the cavity- 
oscillator response curve indicates that the noise increases as the 
resonant frequency is approached. Hence, low-frequency noise from the 
source is no doubt appreciably greater than the 30-Mc i-f noise. This 
consideration alone would suggest the use of a high i-f superheterodyne 
receiver in microwave spectroscopy. However, the advantages thereby 
gained do not for most purposes offset the advantages of simplicity 
offered by the Stark-modulation or video spectrographs. 

Klystron power supplies, sweep generators, and frequency stabilizers 
are discussed in later sections. 

'Magnetrons. The early work of Cleeton and Williams was done with 

split-anode magnetrons. During World War II important measurements 

were made on the centimeter-wave absorption of water vapor with 

magnetrons as sources. Nevertheless, because of the purer spectrum 

and the greater ease of tuning and frequency modulation of the klystron, 

magnetrons arc seldom used in present-day spectroscopy. Theoretically, 

the sensitivity of a spectrometer increases with power. Factors such as 

molecular saturation and the inability of sensitive detectors to handle 

high power usually prevent realization of the advantages of the higher 

power available from magnetrons. In the shorter millimeter-wave 

region where power generation is difficult, the magnetron is likely to 

prove of most advantage. Already the Columbia University group 32 has 

detected 1.4-mm-wave harmonic power from a magnetron operating 

near 4 mm. Considerable improvement in the purity of the magnetron 

spectrum must be made, however, before this type of source can be used 

to detect shaip line spectra. For details on magnetron construction and 

operation, the reader should consult Vol. 6, reference 23, also reference 
33. 

Ci ystal harmonic generators. Harmonic generation in rectifier crys¬ 
tals lesults from their non-linear response to the input power. Crystal 
multipliers are frequently used as radiation sources and are invariably 
used in the multiplier chain of a frequency standard. 

Of the several reasons for employing harmonic generators as sources 
the most important is that with harmonic generators one can work in 
legions of the spectrum for which no satisfactory oscillator tubes have 
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yet been developed. They greatly increase the frequency range that can 
be covered by a given number of oscillator tubes. By doubling or 
tripling the frequency of a primary source, one can frequently cover a 
given region with a less expensive klystron. Although klystrons are now 
produced to cover the region from 5 to 7 mm, their outputs are quite low, 
and almost as good results can be obtained in this region with crystal 
multipliers driven by the klystrons available for the region from 1.0 to 
1.4 cm. If desirable, the /v-band region can be satisfactorily covered by 
doubling or tripling the frequency of A"-band klystrons. Another 
advantage of using a harmonic generator as a source is that all frequency 
measurements can be made in the region of the lower-frequency funda¬ 
mental energy where it is easier to obtain strong frequency markers. 

The wartime measurements of Beringer 34 in the 5-mm region were 
made with a crystal frequency doubler driven by a klystron. Since the 
war, many spectral measurements have been made at 1 hike 35 in the 
wavelength region from 2 to 7 mm with silicon crystals as doublers, 
triplers, quadruplets, and even quintuplets. Although no spectral 
measurements have yet been made below 2 mm with crystal multipliers, 
power generated in this way lias been detected at 1.90 mm, with a signal- 
to-noise ratio ot about 10. At this point, crystals appear to be very 
satisfactory both as multipliers and as detectors. The present difficulty 
in extending the method to higher frequencies appears to be the low- 
power of the klystron driver. If klystrons with output powers of about 
30 mw were available for the 4.5-mm wave region, it appears that 
satisfactory energy for spectral measurements at 1.5 mm could be 
obtained with crystal triplers. 


No quantitative data are available on the amount of millimeter-wave 
power available from multipliers. Rough measurements at Duke 
indicate that at least a milliwatt can be obtained in the region of G mm 
with selected 1N2G silicon crystals driven by selected 2K33 klystrons. 
This indicates that the harmonic power in the most favorable cases is 
down only about 10 dl> from the fundamental power. Individual crys¬ 
tals differ considerably in their multiplying properties. The harmonic 
output depends greatly upon the input power to the crystal. Satis¬ 
factory results can be obtained with 25 mw or more of input power, 
whereas it is very difficult to obtain usable harmonic power when less 
than 10 mw of fundamental power is available. Multiplying chains of 
standard frequency markers sometimes employ harmonics as high as the 
fiftieth from silicon crystals. Data have been obtained whicirindicate 
that welded germanium crystals are superior to silicon crystals for 

harmonic generation, 36 but we are unaware of any present commercial 
source of them. 
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The sim P le crossed-waveguide design«“ of Fig. 1.25 allows easy 
construction and easy tuning of harmonic generators. In addition to 
generators of second and third harmonics, from this design very satis¬ 
factory A- to /-band and A'- to tV-band multipliers have been made which 
operate on the fourth and fifth harmonic energy.f The multiplier has 
three tuning adjustments: those of moving the shorting plungers in each 




1 


Photograph of a K- to E-band multiplier. 


(/\-band quintuple] 1 .) 


of the guides and those of sliding the coaxial crystal in and out or twisting 
it, on its mount. The crystal is mounted on the small guide in exactly 
the same manner as that described in Art. I.2i/. The inner conductor of 
the coaxial crystal mount is then extended as shown in Fig. 1.25 and 
jotned to the inner conductor of a dielectric cable connector which is 
mounted on the larger guide exactly as the indicator connector is 
mounted on the crystal mounts of Art. 1 2r/. This coaxial outlet is 
provided so that the fundamental energy falling on the crystal can he 
observed. The output guide serves as a filter as well as a transmission 

line and must be of the proper dimensions to transmit the desired 
harmonic and to eliminate all lower harmonies. 

t See Fig. 1.7 for the frequency coverage of the various bands, (/, //, /. etc. 
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A reasonably efficient harmonic generator can be made by coupling 

the multiplier crystal directly across the primary waveguide, as shown 

in Fig. 1.26a, with appropriate tuning screws to match the crystal to 

the guide. This design was suggested by C. M. .Johnson. 37 Only one 

% 


Cable connector 



0 


1 


Scale in inches 


Fkj. 1.256. 


Cross-sect ion details of a K- to /'’-band mulliplici 

tupler.) 


(/v-band quin- 


screw is necessary if additional tuning action is provided by making the 
probe connector for the crystal adjustable in length. The crystal is 
toll owed by a tapered transition section which matches the primary 
KUide to a smaller guide which transmits only the desired harmonic 
power. An extremely simple millimeter-wave spectrometer can be 
made with the multiplier by placing the absorption cell between the 
crystal multiplier and the transition section, as shown in Fig I 2i>b 
Hie waveguide mount for the crystal detector is made of such size that 
H filters all harmonics lower than the desired one. A minimum of 
microwave components is needed with this arrangement which at Duke 
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has been found to operate almost as well in the short millimeter-wave 
region as do the more complicated systems already described. 

c. M. Johnson 37 initiated the practice of slotting the coaxial crystal 
cartridge on both sides at the place where the crystal and the cat whisker 
are mounted (Fig. 1.15) and of mounting the slotted cartridge so that 
the slots act as windows into the smaller guide. One window is the 
output to the cell; the other opens to a tunable shorting plunger. The 



Tuning screw 


Det. xtal 


Input 



Mult, xtal 


Windows 


( 6 ) 


Fig. 1.20. 


(a) Simple “straight through” crystal harmonic generator, 
tration of the use of this generator in a spectrometer. 


(6) Illus- 


open end of the coaxial cartridge is then connected to the larger guide so 
as to pick up the fundamental power. Usually the slots are made of the 
same size as the inner section of the smaller guide. Some tuning is 
allowed by the possibility of moving or twisting the crystal cartridge. 
Additional tuning can be provided by the usual screws 

+ \ n a lat , e development at Duke (W. C . King and W. Gordy, details 
o je pu is ice) a silicon crystal greatly reduced in size over commer- 
cia ty pes is mounted directly in one edge of the output guide of a crossed 
va\e & ui e mount with the cat whisker extending across both guides. 

e point of the cat whisker (2-mil tungsten wire) is sharpened by elec- 
rolytic etching. Pressure of the whisker on the crystal is critically ad¬ 
justed by a differential screw mechanism. With this multiplier and a 
etectoi of similai construction spectral lines have been measured at 
wavelengths as short as 1.3 mm with harmonic power from 2K33 klys- 

tions. 3 he s\ stem is remarkably broad-banded and appears to be supe¬ 
rior in every respect to the earlier types. 
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In all harmonic generators there must be a filter section which cuts out 
the fundamental power and other harmonics of lower frequency than the 
desired one. This necessary filtering action is usually provided by the 
smaller waveguide used to make the output transmission line of the 
multiplier, or by the waveguide mount for the crystal detector, or by 
both. The formulas given in Sec. 1.2 can be used in designing the filter. 
Also, Fig. 1.7 is useful for this purpose. Obviously, the higher the 
harmonic employed, the more stringent are the requirements for the 
filter. Because of the larger losses in the smaller guide, no more of it 
should be used than is necessary. The advantage of the assembly of 
Fig. 1.2(3 is that it uses a minimum of the smaller guide. 

With only slight modification the crystal mount of Fig. 1.2 can be used 
as a crystal multiplier, as in Fig. 1.14, for the secondary frequency 
standards. In this case, the dielectric coaxial cable is used to feed the 
lower-frequency energy from the standard onto the crystal from which 
higher harmonics are generated and reflected down the guide. The 
tuning adjustments are used to maximize the power of the desired 
harmonic. The dielectric cable and its connector must then be such as 
to transmit the relatively high frequency fed to the crystal, usually 
of the order of 2700 Me. 


1.3 ELECTRONIC COMPONENTS 


1*3 a. Klystron Power Supplies. Klystron oscillators most com¬ 
monly used in microwave spectroseopy are listed in Table 1.1. Operation 
ot these tubes requires the following d-c sources: —1400 to —3(300 volts 
at 7 to 20 ma for the electron beam and 0 to —300 volts with respect to 
the cathode for the focus grid and for the reflector. So that the klystron 
cavity and associated waveguide may be at ground potential, the 
cathode, reflector, and focus must be operated well below ground. A 
0.3-volt at 0.07 amp source, either a-c or d-c, supplies the heater filament . 
For stable oscillator operation, it is essential that the beam, reflector, 
and focus supplies be well regulated, particularly for fixed-frequency or 
recording techniques. It is desirable that the supplies be eontinuouslv 
variable between the limits listed above. 

Figure 1.27 shows the circuit diagram of a power supply which has 
been used successfully at Duke. It was designed bv \V. Bennett 3<J and 
modified by (1. F. Crable and k. S. Anderson. A conventional bridge 
lull-wave rectifier followed by a low-pass filter serves as the supply for an 
electronic voltage regulator. The output voltage of the unregulated 
supply is adjusted by a variable autotransformer in the primary of the 
high-potential supply transformer. 
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Stabilization of the supply is achieved by electronic voltage regulation. 
\ acuum tube 812 serves as the regulator with the 2C53 as the amplifier 
tube. Type 2C53 is a vacuum tube developed for use in high-voltage 
regulator circuits. Under proper operating conditions, the 2C53 draws 
1 ma ot plate current. Two OD3 voltage regulator tubes in series pro¬ 
vide the focus and reflector potentials. Diode 6X4 in the reflector 
circuit prevents the reflector from becoming positive with respect to the 
cathode, a condition leading to reflector current which can damage the 
klystron. 

Since the reflector and focus circuits are highly negative with respect 
to ground, they must be well insulated. The modulation input capacitor 
to the reflector should have a 5000-volt insulation rating. Filament 
transformers supplying the klystron, the 2C53, and the 6X4 should be 
insulated for 7000 volts as well. 

A klystron power supply which will operate the oscillators listed in 
Table 1.1 is available commercially. | 

Power supplies in which high frequencies are substituted for 60 cps are 
used to some extent. The output voltage from a power oscillator operat¬ 
ing at, several hundred kilocycles is stepped up to several thousand volts, 
rectified, and filtered. The output is regulated by amplitude control 40 
ot the oscillator. At these frequencies the sizes of transformers and filter 
components are greatly reduced and the supplies are quite compact. 

Low-voltage klystrons for K, X, or S band can be operated with bat¬ 
teries or electronically regulated supplies. Descriptions of some of these 
tubes and supplies are found in Chapter 2, Vol. 11, of the Radiation 
Laboratory Series . 23 

Saw-tooth sweeps which provide the linear time bases in oscilloscopes 
such as the DuMont 208 or 304 % may be used to sweep the klystron 
oscillators'. The saw-tooth oscillation should be taken directly from the 
oscillator in the oscilloscope so that the klystron sweep amplitude will 
be independent of the oscilloscope gain settings. Since the output from 
the saw-tooth oscillator will sweep the klystron over only a small part of 
its mode, it is desirable to use an amplifier with an output variable from 
zero to about 100 volts. 

1.3b. Pound Frequency Stabilizer for Klystrons. Methods for 
stabilizing the frequency of a klystron by coupling it electrically to an 
external cavity are described by Pound and others. 41 A high-Q cavity 
with an associated magic tee acts as a discriminator. An error signal 
resulting from frequency drift is amplified and applied to the klystron 

t Polytechnic Research and Development. Company, Inc., 202 Tillarv Street 
Brooklyn 1, N. Y. 

+ Allen B. DuMont Laboratories, Inc., Passaic, New Jersey. 



56 INSTRUMENTS AND EXPERIMENTAL METHODS 

reflector, bringing the oscillator back to the desired frequency. Long¬ 
term stabilities of less than 10 kc have been obtained. For details the 
reader is referred to the articles cited. 

1.3c. Stark-Modulation Oscillators. Two forms of Stark modula¬ 
tion are commonly employed, sine wave and square wave. The sensi¬ 
tivities obtainable with the two forms are comparable. Sinusoidal modu¬ 
lation sacrifices detail in line and Stark component structure for simplic¬ 
ity in equipment. Square-wave modulation allows greater resolution of 
line structure and Stark components. The chief problem in the design of 
either modulator is that of charging and discharging the capacity of the 


o.oinf 



Tune to resonance 
Stark cell connected 


Fig. 1.28. Circuit diagram for a 100-kc sinusoidal oscillator for Stark moduli 


ition. 


Stark cell at the required rate. This capacity may range from several 

hundred to several thousand micromicrofarads, depending upon the cell 

dimensions. First-order Stark effect requires only 10 to 100 volts per cm; 

however, for the second-order Stark effect up to 1000 volts per cm or 

more may be necessary. The cell capacity may be made part of a 

parallel resonant circuit for sinusoidal modulation, and the capacity 

charged and discharged by the large circulating current. For square- 

wave modulation the peak currents are of the order of several amperes if 

the cell is charged in a time which is small relative to the square-wave 
period. 

The circuit for a 100-kc sinusoidal oscillator is shown in Fig. 1.28. 
Because the oscillator is crystal controlled and electron coupled, fre¬ 
quency stability for use with a sharply tuned signal amplifier is assured. 
The output amplitude is varied by changing the screen-grid potential. 
Ihe 6X4 diode clamps one side of the sine wave to ground so that the 
signal amplifier can be tuned to the modulation frequency rather than to 
hai monies. An absorption line is quickly identified by switching a 
resistoi in place of the clamping diode with a microswitch-operated 
relay, a practice initiated by J. Q. Williams, at Duke. 
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High-voltage square-wave generators which operate at 100 kc have 

been described by Hedrick 42 and Sharbaugh. 43 Hedrick’s generator, 

modified by J. Q. Williams, is shown in Fig. 1.29. A 100-kc crystal- 

controlled oscillator synchronizes pulse generators 180° out of phase. 

The trigger tubes (YT 127\s and RK 715 TVs) are biased beyond cut-off. 

When a positive pulse arrives at the grids of the YT 127’s, they conduct 

and charge the cell capacity divider in the cathode circuit. One-half 

cycle later, the RK 715 B’s conduct and discharge the cell. The cell is 

isolated from the output stages by a blocking capacitor, and the 8020 

diode clamps the square wave on the Stark electrode to ground. The 

filament transformer secondary for the YT 127s must be well insulated 

from the primary and have low capacity to ground. Capacitors Cj, f 2 , 

and resistor R 2 are adjusted to give optimum wave form. This generator 

has a maximum output of 1800 volts at 100 kc for a Stark cell capacity 
of 800 /i/nf. 

1.3d. Low-Frequency Amplifier. A good low-frequency signal 
amplifier is described in the Radiation Laboratory Series,™ and a similar 
amplifier is available commercially from Browning Laboratories, f When 
an oscilloscope display is used, the output is taken from the plate of the 
final amplifier tube. 

At a high input power (~5 mw) the detector crystal operates in its 
linear region with an output video impedance of about 300 to 500 ohms 
and is matched to the first amplifier stage with a shielded input trans¬ 
former. At low power levels, however, the crystal is a square-law 

detector with a high impedance and is more closely matched without the 
transformer. 

1.3e. Radio-Frequency Receivers. Excessive low-frequency noise 
generated in crystals and flicker effects in vacuum tubes may be avoided 
by modulation and detection at frequencies of 100 kc or higher. Good 
commercial communications receivers are adequate for signal ampli¬ 
fication. The receiver is tuned to the modulation frequency or to a 
harmonic and responds to noise within the bandpass. Receivers such as 
the National I1RO-50R { which are equipped with crystal filters in the 
i-l stages can provide a bandpass as sharp as a few hundred cycles per 
second. Electronic sweep techniques are possible; however, slow sweep 
rates should be used with narrow bandpasses. After the i-f stages, the 
S1 ^ nal may 1)0 detected and displayed on the oscilliscope or may be 
heterodyned with the beat-frequency oscillator, and the audio beat note 

displayed. The latter method appears to give slightly higher sensitivity 
and is commonly employed. 

t Browning Laboratories, Inc., Winchester, Massachusetts. 

t National Company, Inc., Malden, Massachusetts. 
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Detecting crystals are moderately well matched to the receiver input 
at the usual microwave power levels and may be connected directly to 
the antenna terminals of the receiver with a shielded cable. However, 
Good 44 has developed low-noise preamplifiers to match the detector 
crystals to a communications receiver over a wide range of crystal 
impedances. Diagrams of two of these preamplifiers are shown in 
Fig. 1.30. The input circuit is tuned to series resonance at the modu¬ 



lation frequency. These circuits were designed to operate at 85 kc but 
can be used up to about 100 kc with the circuit constants given. 

1.3/. Phase-Sensitive Lock-In Amplifiers. A selective amplifier 
followed by a lock-in detector and recording meter comprises a lock-in 
amplifier. Since a lock-in detector responds to harmonics and sub¬ 
harmonics of the modulation frequency, the amplifier must be selective 
enough to filter them. Figure 1.31 is the circuit diagram of a lock-in 
amplifier to operate at 100 kc, designed by J. Q. Williams and modified 
by R. Mockler and D. F. Trippe. In the Stark-modulation spectro¬ 
graphs at Duke, this unit is preceded by one of the preamplifiers of Good 
given in Fig. 1.30. This amplifier makes provision for visual observation 
of the lock-in stage output which allows rapid adjustment of the refer¬ 
ence signal phase on an absorption line. The lock-in detector is a modi¬ 
fication of Schuster’s 40 which he used at 30 cps. A reference signal oi 



1000 
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100 volts or more is supplied by the modulation source to the grids of the 

OSIN 7, 180 out of phase. Suitable phase-shifting devices are discussed 

by Terman and others. 46 The bandpass is determined by the combined 

time constant of the low-pass filter and vacuum-tube voltmeter which 
follow the detector. 


1.4. SPECTROMETER SENSITIVITY 

1.4o. Minimum Detectable Signal. As a result of the concen¬ 
trated effort during World War II the microwave radar receiver is a 
highly developed instrument. It is of advantage, therefore, to carry 
over as much of the theory and instrumentation of radar'receivers 47 as 
possible. To do this, one must recognize the basic differences in the 
types of signals which are detected and amplified. In radar the signal 
consists of a weak pulse of microwave power. In microwave spectros- 
copy, the signal is in the form of a small decrement in a relatively large 
amount of power. The problems can be reduced to the same form by 
employment of r-f balancing to cancel the power around the absorption 
line so t hat it, appears as a small amount of unbalanced power. However, 
as has been pointed out, 4 this unbalanced power, (A P)', is not equal to,’ 

but is considerably less than, the actual power absorbed bv the gas,' 
(A P). It is, in fact, 

(Al>y « (AP) 2 /4P, ( 1 . 20 ) 

where P is the total power and where it is assumed that (A P) « P. To 

Set an estimate of the sensitivity obtainable when a superheterodyne 
receiver is used to detect (AP)' we set 


(A Py = F*kTB 


( 1 . 21 ) 


which, with Kq. 1.20, gives 


(A P) min = V 4PF*kTB 


( 1 - 22 ) 


where F* is the over-all noise figure of the receiver defined in Art. 1.4/;, 
and B is the effective noise bandwidth defined by Eq. 1.38. T is the 
operating or room temperature, and k is Boltzmann’s constant. We now 
need to express (A P) in terms of the absorption coefficient of the gas, 

ocg, and of the attenuation constant of the cell, oe c . If P ^ is the power 
input to the cell, then 


(A P) = P,e ac — p i g- < - a '+ a i!> 1 
® PiC- a ' l (a s l). 


(1.23) 
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Combining Eq. 1.23 with Eq. 1.22 yields (since P = P 


(**g) min . 


F*kTB 


l \ PiC~ a ^ 


( 1 - 24 ) 


which gives the minimum absorption coefficient, a g , that can be detected 
with a cell length / and a spectrometer noise figure F*. It is assumed 
that the power is not sufficient to saturate the molecules. To obtain the 
optimum cell length, we must choose the length so as to maximize 
( AP Y rather than (AP). We have from Eq. 1.20 and Eq. 1.23 


P.p- aC ’((y 1)1 

(a py ~ {agl) 


4 


(1.25) 


Setting 


d(A py 


one obtains 


5/ 


= 0, 


/opt = 2a c 1 


( 1 . 20 ) 


With this optimum cell length Eq. 1.24 becomes 


(^g)min Got, 



FH'TB 


Pi 


(E27) 


The superheterodyne receiver with r-f balancing as described above is 
not easily used with frequency sweep spectroscopes. Most sweep 
spectroscopes employ some form of rapid intensity modulation of the 
microwave power by the absorption line with a crystal detector and a 
receiver tuned to the modulation frequency. Although the receivers 
used do not employ a microwave local oscillator, they are closely analo¬ 
gous to a superheterodyne radar receiver when the source power is such 
as to eause the crystal detector to operate as a linear detector. It is 
well known that an intensity-modulated wave is equivalent to the 
unmodulated carrier u r , with side-band frequencies v c - v m and v c + v , n 
containing the signal power. 48 We can consider the carrier wave as the 
local-oscillator power and the signal as the side-band power. The 
crystal then detects the beat note of two microwave frequencies just as 
does the usual superheterodyne radar receiver. The power in each side 
band is I\.(nr/4) } where P e is the power in the carrier wave and m is the 
modulation index. Since the beat notes of the carrier with the two 
S| d° bands are in phase, the total signal power P >v , is 


P sie = Prim “ 2 ). 


(E28) 
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The modulation index depends upon the type of modulation used. In 
the ideal case it is (AF/2)/F e , where V c is the voltage amplitude of the 
carrier and AF is the change in this voltage caused by the gas absorption. 
Thus, 


Now 



Pc( AF) 2 
8F C 2 


Pie-^(AV) 2 
8 ( F t e -^/ 2 ) 2 ' 


(1.29) 



* F ie -“‘ ,/2 (a g Z/2) 


(1.30) 


since a e l « 1 and P c = P,e acl . Substituting them in Eq. 1.29 and 
equating to F*kTB gives 


or 




= F*kTB 


(1.31) 


(«i) 


g) min 


4 2F*kTB 

l \ Pie~ a c l 


(1.32) 


With the optimum cell length, Z opt = 2a c _1 which results from maxi¬ 
mizing AV, this becomes 


(«f)min = 2ea c V2F*kTB/Pi. (1.33) 


Here a g and a c are in cm B in cps; strictly speaking, the term under 
the radical should contain a factor to account for the incomplete modu¬ 
lation. Seldom are all components of the absorption line moved com¬ 
pletely out of range of the source frequency during a period of modu¬ 
lation. Also, the receiver usually does not take in all the Fourier 
components of the signal. For example, when a square-wave Stark 
modulation is employed, the receiver is tuned to the fundamental 
component of the square wave. Losses caused by ineffective modulation 
can, however, be included in the figure F*, which should then be regarded 
as the over-all noise figure for the spectrometer. 

1.46. Nature of Over-All Noise Figure. For calculating or meas¬ 
uring the spectrometer sensitivity it is desirable to resolve the over-all 
noise figure into the parts contributed by the different components. 
By definition, the noise figure of a network is the factor by which the 
ratio of noise power to signal power is increased by the network. Sym¬ 
bolically, 



dN 0 /S 0 

dNi/Si 


(1.34) 
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where cLV, and dN 0 are the input and output noise power for a narrow 
band of frequencies, df, for which F is defined, and Si and S Q are the input 
and output signal power, respectively. Rearranging, 


dN 0 = F (S 0 /Si) dXi = FGdNi = FGkT df. 


(1.35) 


Here we have substituted G for (S Q Si), which is by definition the gain 
of the network, and have assumed the input noise dNi to be the Johnson 
noise kT df available from a pure resistance equal in value to the input 
impedance. Equations 1.34 and 1.35 hold only for an infinitesimal 
bandwidth df. In practical situations we are concerned with the total 
or integrated noise at the output, 


N 0 = kT f FG df, 

J 0 


(1.3(3) 


as compared to that k 


t I g "■ 


df which would occur if onlv the Johnson 


noise from the input impedance were present. The effective or inte¬ 
grated noise figure F* is therefore defined 17 as 


//* = 


kT f FG 

Jo 


elf 


No 


r x G max kTB 

kT I G df 

Jo 


(1.37) 


where B is the effective noise bandwidth of the network defined bv 


B = 



X> 


Gdf 


o 


6 


(1.38) 


max 


and where G lniix is the maximum power gain of the network. 

Consider now a signal generator connected for maximum power 
transfer to two networks connected in cascade. The gains of the indi¬ 
vidual networks are G x and G 2 , and the over-all gain G equals G X G 2 . 
Hie corresponding noise figures are F lf F 2 , and F. The total noise 
GFkT df at the output for a narrow band df is contributed by the signal 
generator and different networks as follows: 

GFkT df = G,G 2 kTdf + G x G 2 (F x - 1 )kT df + G 2 (F 2 - 1 )kT df, 

Total From signal From From 

generator network 1 network 2 

(1.39) 

where T is the temperature of a resistance equivalent to the input 
impedance which would be required to give the noise kT A/equal to that 
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from the signal generator. From Eq. 1.39 the over-all noise figure is 
easily obtained: 


F-Fi + (F 2 — 1 (1.40) 


The effective noise figure 47 F* is obtained by averaging F over the 
bandpass, 




CO 


+ {Ft - 1 )/G l ]G l G 2 df 


0 



(1.41) 


In order to integrate this expression it is customary to assume the 
bandwidth of the second network to be sufficiently small in comparison 
with the bandwidth of the first so that Gi and F\ can be considered 
constant over the integration. Under these conditions 

F* = F x + (F* - D/Gl (1.42) 

liquation 1.40 can be generalized for n networks: 


F 2 - l l<\ - i 

F = F, + -1— + —-i + 


F n ~ 1 


Cr X 


GxG, 


G\G 2 • • • U n _i 


(1.43) 


oi, if the wth network has a narrow bandwidth as compared with those 
preceding, 

Fo — 1 Fo — 1 /?* i 

F* = Fi H — -1- - - +...- F "~ 1 - (1 .44) 


G, 


G i G 


T 2 


G\G 2 • • • G„_i 


kiom Ecp 1.43 or 1.44 it is apparent that, after the first high-gain 
stage in a receiver is reached, contributions to the over-all noise figure 
by the following stages are small. Thus, in improving the sensitivity of a 
spectiometer, one is primarily concerned with the noise arising in or 
before the first high-gain stage in the receiver, i.c., in the microwave 
geneiator, the detector, and (he first stage oi* two in the amplifier. 

In a spectrometer employing a crystal detector witIi a superheterodyne 
leceivei or its equivalent in a modulation-type spectrometer, the crystal 
detector may be regarded as network 1 and the i-f or first stages in the 
radio receiver as network 2. The gain of the crystal is less than 1 
and is usually expressed in terms of its reciprocal, the conversion loss 
F = 1 G c . The noise figure of the crystal is usualty expressed in terms 
of its equivalent noise temperature and conversion loss F c = Lt c . The 
noise temperature, 

t c = dN 0 /kTdf , (1.45) 

is the ratio of the noise output d A 0 of the crystal in a given frequency 
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band df to that kT df available from a pure resistor at room tempera¬ 
ture f T. It should be pointed out that t c is not an actual temperature 
but a noise ratio. The expression noise temperature has the significance 
that a passive resistance must have the temperature T c = t c T, if the 
Johnson noise is to be equivalent to tlie noise output of the crystal 
operated at temperature T. For a perfect crystal, t c = 1. At 30 Me 
the average crystal has t c = 2 to 3. For the usual operating conditions 
ol microwave spectrometers—amplification at —100 kc with detected 
powered mw—the crystal noise temperature t c ~ 100. The extra 
noise from the source or local oscillator is taken into account bv the 
addition of an appropriate amount t $ to the noise temperature of the 
crystal t c . The latter procedure is justified since the local-oscillator or 
source noise is usually determined by measuring the extra noise available 
from the crystal when the microwave power is on and dividing it by that 
when it is heavily attenuated, or when the signal generator is replaced by 
a pure resistance equal to the input impedance. Thus, we set 


/' | — Jj (t c + /. s .) 


(n = 1 L 


and obtain 


/'-> = /'i-r 


F* = Lite + A + 1'tl -1). 


(1.40) 


% various methods described elsewhere, 49 tlie different terms on the 
nght side of Eq. 1.45 can be measured. It is possible with a calibrated 
microwave noise generator 50 to measure the combined noise figure of the 
detector and receiver or by measurements on a spectral line of known 
strength to calculate from Eq. 1.32 the over-all spectrometer noise 
figure F*. 

\Ac. Application lo a Stark-Moclulation Spectrograph. To 

illustrate the application of this theory, we assume a typical A'-band 
Stark-modulation spectrograph operated at 100 kc with a receiver 
having a bandwidth B = 100 cps and F*. f = 2. We assume A = 4 and 
1 ~ AT A = 100. The over-all noise figure is then 

F* = 4(100 + 2 - I) = 101 = 20 db. 

( It her parameters assumed are a cell length of 500 cm, cell attenuation 
constant a,. = 2 X 10 * cm input power P, = 10watt. With 
^ = 290° K, Fq. 1.32 becomes 


(a g ), nill = 3.50 X 10 7 


10 /— 1 


F*B 




(1.47) 


1 In measurement or designation «>1 a particular noise temporalurc, the reference 
temperature must, he specified. The reference T is conventionally chosen as room 

temperature or 290°K. 
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where Pi is in watts, B in cps, l in cm, and a g in cm -1 . With the assumed 
parameters, Eq. 1.47 gives 

(ttg)min = 7.5 X 10 -9 cm -1 . 

The value agrees well with the results usually obtained with the better 
spectrographs ol this type. With a lock-in amplifier and an automatic 
recorder, the bandwidth can be reduced by about 25 times and (a g ) min 
accordingly by a factor of 5, to give 


k)rnin = 1.5 X 10" 9 (TO" 1 . 

1 he power level was chosen so as to give efficient conversion by the 
ciystal, and it was assumed that the cell volume was such that molecular 
saturation did not occur. Losses due to impedance mismatch and 
imperfect modulation were neglected. 

I he combined noise temperature t = t c + t s was estimated by as¬ 
suming an inverse relation of t with frequency. No measured values are 
available for typical crystals at 100 kc, but, from the work of Miller and 
(ireenblatt," 6 one would expect the noise temperature of a silicon crystal 
when excited by microwave power of a milliwatt to be of the order of 100 
times greater at 100 kc than at 30 Me. The extra noise is largely 
generated in the crystal by the microwave power. A significant amount, 
however, originates in the source oscillator itself. In this type of spec¬ 
trometer the local-oscillator power is the carrier wave of the source 
power, and hence the local-oscillator noise cannot be canceled with a 
balanced mixer as it is in the usual superheterodyne radar receiver. 
Whether the value estimated for / is typical or not, it is certainly true 
that in spectrometers operated with crystal detectors at output fre¬ 
quencies of 100 kc or lower with powers of the order of a milliwatt, <he 
noise originating in the amplifier (provided that it is not inexcusably bad) 
is of little consequence. If the power is reduced, the noise is reduced, but 
the conversion loss is increased and the sensitivity reduced because of 
the appearance of P { in the denominator of Eq. 1.32. The optimum 
power is different for different crystals, and, because of the saturation 
effect, it is, with cells of small volume, different for different absorbing 
substances. It is customary to optimize the power on known absorption 
lines and to tune the crystal assembly for the given power level. 

lAd, Crystal Square-Law Detector. A crystal square-law de¬ 
tector of a low-frequency modulation signal followed by a video or audio 
amplifier of the modulation frequency is commonly called a crystal 
video receiver. Because of its large conversion loss one might question 
the use of a crystal square-law detector where ample microwave power 
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is available to cause the crystal to operate as a linear detector. For audio 
frequencies, however, the excess noise generated in the crystal by the 
higher microwave power required for linear detection in most instances 
probably more than offsets the gain in conversion efficiency. The 
degree to which this is true depends upon the individual crystal and 
amplifier used. It is possible that many spectrometers with a-f receivers 
operate best at powers intermediate between the microwatt (square-law 
detection) and the milliwatt (linear detection) levels. 

With no d-c bias and with the microwave power of the order of a 
microwatt where the crystal operates as a square-law detector, the noise 
generated in the crystal is essentially the Johnson noise of a resistance 
equal in value to the d-c impedance of the crystal. Because of the high 
conversion loss, the input impedance of the crystal square-law detector 
is relatively insenstitive to the output load impedance. 

Beringer ,u has shown that the rms noise voltage X from the crystal 
video receiver with no d-c bias can be expressed as 


A' = aV 4kT(R + R a )H, 


(1.48) 


where R is the video resistance of the crystal and R A is a resistance which 
in series with the grid of the input stage of the amplifier would generate a 
noise equivalent to that generated bv the amplifier. G is the gain, and H 
the bandwidth, of the amplifier. We now need an expression for the 
conversion efficiency. This is usually expressed in terms of tlie current 
or voltage sensitivity. The detected signal voltage c d is proportional to 
the square of the input voltage c,-: 


cy 2 

c (1 = Scf, 


(1.49) 


where *S' is a constant of proportionality representing the sensitivity. 
We assume the incoming microwave power is amplitude modulated by an 
a-f sine wave. Although the absorption line is not sinusoidal in shape 
it can for the proper sweep rates be resolved into a number of Fourier- 
component sine waves, the most significant of which fall within the 
audio region covered by the receiver. Considering only the fundamental 
ot these components, mF r sin t o m t, we have 


<‘i — 1 r(l + w sin oj m t) sill a;,./, 


(1.50) 


where V r sin co,V represents the unmodulated carrier wave. By substi¬ 
tuting a from Eq. 1.50 in Eq. 1.49, squaring, and reducing bv trigono¬ 
metric substitution, it is seen that there are many components in the 
detected output e (/ . Of these, the only one of interest is the one which has 
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the modulation frequency and which by arrangement falls within the 
bandpass of the receiver. It is 

e d = S(mV c 2 ) sin oi m t. (1.51) 

Now m « (AF/2) V c , where AF is the change in amplitude caused by 
the absorption line. The amplitude of the detected signal is therefore 
SV c {AV/2). Substituting the value of AF from Eq. 1.30 and F,e _ “ cV2 
for F„, the signal amplitude V a at the output of the amplifier becomes 

Vo = GSV i 2 e~ a ‘ l (otgl/4:) = GS(2R)P,er arl (a e l/4). (1.52) 


We assume that, for detection, this output voltage amplitude must be 
equal to or greater than the rms noise voltage. From Eq. 1.48 and 
Eq. 1.52 

GSRPie-°'i( ai ,l) . - 

---^ GV4kT(R + R a )B- (1.53) 

Therefore, 


(^g)min — 


4 kT(R + R a )B 

SRlPie-°ci 


where 


8 V kTB 

MlPie-°ci 

5 X 10 ~ 10 Vb 

JflPie-°“ l 



2SR _ pR 

V(R + R a ) ~ V(R + R a ) 


(1.54) 

(1.55) 


is the over-all figure of merit of the receiver as defined by Beringer. 50 
It is assumed that the source is matched to the detector. In the last 
form of Eq. 1.54 Pi is in watts, a g and a r in cm -1 , l in cm, and B in cps. 

A value of about 25 for M is obtainable in the 1-cm wave region. If 
M is assumed independent of the received power, the optimum cell 
length is 1 /a c . This assumption is not valid, however, for powers above 
the microwatt range. It is more desirable to choose l so that the received 
power P#-** equals 10~ () watt, with P t equal to the available power or 
to that which will produce molecular saturation at the input of the cell, 
whichever is the smaller. With a received power of 1 \i\x Eq. 1.5-1 
becomes 

. . 5 X 10~ 4 /— 

(ofg)min — VB 

Ml 


(1.56) 
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= -! 5 ’ Z t 7 20 nletei ^f 1,J B = 200 C P*> this gives (< 2 g) In ; n = 1.4 
X 0 cm I-oi a c — 10 cm the input power required is 1\ 

~ X 1° ' watt. Usually about halt the signal is lost in filtering the 
spurious effects caused by r-f reflections. Sensitivities of this order of 
magnitude have been obtained at Duke with a video receiver and a cell 
of 20 meters. For example, with such a spectrometer, C 13 in natural 
concentrations in methyl cyanide and methyl acetylene is easily detected 
m the rotational lines of these molecules which occur near the 1-cm 

wavelength. 

l.le. Thermal Detectors. The sensitivities of microwave spec¬ 
trometers with thermal detectors are treated elsewhere. 418 because 
these detectors are not widely used, they will not be discussed in detail 
here. It should be pointed out, however, that they have advantages 
over crystal detectors in some applications. Unlike crystal detectors, 
they do not have the excessive low-frequency noise (above the Johnson 
noise) when they are detecting moderate powers. This advantage was 
pointed out by Beringer and Castle, 18 who used a bolometer detector 

with a low-frequencv modulation in detecting the paramagnetic reso¬ 
nance of XO. 


15. MEASUREMENT OF LINE W IDTHS AND INTENSITIES 

typical line-shape problems in microwave spectroscopy are concerned 
"" 1 measurements on lines whose widths, 2 Av, between half-power 
points range from about 100 kc to 10 Me. Sweep techniques display the 
entire line shape in a single oscilloscope trace or recording. Broader 
mi's are investigated by measurements at a number of selected fre¬ 
quencies. The theory of line shapes of gases is deferred to Chapter 4, 
"O, in the discussion of techniques, it is useful to know that the widths 
° " cll - ,es olved lines of gases are proportional to pressure over a wide 
‘■■nge. Since the integrated intensities are also proportional to pressure 
peak intensities at the center of the absorption line are independent 
o pressure. Plus situation is in contrast to that in optical spectroscopy 
"here Doppler widths are of primary importance and low instrumental 
lesohit ion frequently distorts the observed line contour. Except for 

Xl)T° ritS ,o‘ tlW eff0Ct ° f Cne,gy density on line sha P e (saturation 
; 7' ". ,S n , ot necessary to measure the absolute power level, since it is 

ie fiactional power absorbed per centimeter of path that is of interest 

Sn ,he po "° r ,evei •* 


ong 
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# 

(a g ~ JO cm *), their widths can be measured directly from the 
oscilloscope presentation of the simple video system already described 
in Sec. 1.1, provided that the rate of sweep, bandwidth of amplifier, etc., 
aie such that adverse distortions of the line are not produced. Figure 
1.32a is an oscilloscope presentation of a strong line obtained with a 
sweep spectrometer employing a crystal video receiver. The frequency 




Vic,. 1.32. Typical lino shapes and line shape derivatives as obtained with different 
detection systems, (<i) Video type detector. The / -0—1 rotational transition 
of CO. (Prom Gilliam, Johnson, and Gordy.") (b) Square-wave Stark modulation 
(30 cps) with phase-sensitive detector and Estcrline-Angus recorder. The .7 = 

I * 2 lotational line of OCS. Stark components arc pointed downward, the un¬ 
displaced line upward. (From W. C. King’s Master Thesis, Duke.) (c) Sinusoidal 
Zeeman modulation with phase-sensitive detector and Esterline-Angus recorder. 
One. of the 5-mm-wave oxygen lines, (13_). For the small modulations used the 
tiacing iepiesents the second derivative of the line shape, (d) R-f source modulation 
(100 kc) with radio receiver and cathode-ray-scope display. The NHj 3,3 line. 
With the small modulations used, the presentation represents the magnitude of the 
first derivative of the line shape. I he blanks are frequency markers. (From Howard 

and Smith. 53 ) 
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scale is established by one of the marker techniques discussed in 
Sec. 1.6. 

A square-wave Stark-modulation system followed by a lock-in 
amplifier is a satisfactory system for investigation of line shapes, pro¬ 
vided that the modulation frequency is less than about one-fifth of the 
line width, 61 and provided that the line to be measured can be resolved 
from its Stark components and from the components of adjacent lines. 
The use of low power levels, ~1 gw, simultaneously achieves a square- 
law crystal response 62 and avoids saturation of the gas.f A line-shape 
recording using a 30-cps square-wave Stark modulation is shown in Fig. 
1.326 for the J = 1 —> 2 line of OCS. Resolution of the Stark compo¬ 
nents (these point downward) is evident, while the base line is flat and the 
noise level is very low as compared with the line height. To avoid 
distortion by the indicator, the time constant of the recording system is 

adjusted to be small as compared with the time required to trace out (he 
line. 

High-frequency modulation produces measurable distortions. The 
effects of high-frequency square-wave modulation have been treated by 
Townes and Merritt 9 and by Karpins. 9 If the amplifier is tuned to the 
modulation frequency v m , the apparent line breadth at half power is 
equal to the true line breadth Av multiplied by a factor of 1 + ( Vm 2 Av) 2 

II the modulation is sinusoidal, the line shape is further complicated 
but still interpretable. 120 In a typical case, applicable to molecules with 
linear Stark or Zeeman effects, the sine-wave modulation is biased to 
zero at the minimum of the cycle. The output of a phase-sensitive 
detector tuned to the modulation frequency is the second derivative of 
the line shape, provided that the maximum shift of the line by the 
modulating field is much smaller than the line width. A typical picture 
of an oxygen line obtained with Zeeman modulation of this type is 
shown in Fig. 1.32c. When the shape is caused by collision broadening 
alone, the lino width is given directly by the frequency difference between 
the two minima on the recording. In practice, this frequency difference 
is plotted against the degree of modulation and extrapolated to zero 
modulation to give the true line width. 

It is also possible to observe line widths by a double-modulation 
system employing a low-frequency saw-tooth sweep and a high-frequency 
sine-wave sweep applied to the reflector electrode. If the detection 
■system employs a phase-sensitive lock-in amplifier tuned to the high- 

t If the line is very weak, as is frequently the ease, the true line shape is repro- 
luccd even ,1 the crystal is not in the region of square-law response i e M> ~ 

fielH ’ ri le i r , e A/J . ' Sthe Var,ation in P°' vpr incident on the detector; E, A E the r-f 
neld and field variation; and n, the power law of the crystal. 
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frequency modulation, and if both this frequency and the maximum 
frequency deviation are much less than the line width, the recording 
reproduces the first derivative of the absorption curve (Fig. 1.26). 
Assuming collison broadening, the frequency separation of maximum and 
minimum is 3~ } times the line width 2 Av. If the detection system is 
not phase sensitive, the detected signal is the magnitude of the derivative 
of the line contour (Fig. 1.32c/). When the modulation frequency 
greatly exceeds the line width, a succession of images of the line, sepa¬ 
rated by the modulation frequency, is observed. These images reproduce 
the dispersion curve of the absorption line so that the separation of 
maximum and minimum gives the line widths directly. 

In the interpretation of line-shape measurements, it is frequently 
desirable to correlate the data with the pressure of the gas under in¬ 
vestigation or, in some cases, with the partial pressures of gas mixtures. 
In such cases the least accurate physical datum is often the pressure 
rather than the line width. This is particularly true with gas mixtures 
where preferential absorption of one component of the mixture on the 
walls of the absorption cell may change the composition of the mixture 
during the course of a data run. Under such circumstances, Stark 
detection systems with their relatively large surface areas and strongly 
absorbing dielectric supports may be undesirable, despite their high 
fidelity and sensitivity. For this reason, Howard and Smith 53 used a 
double-modulation rather than a Stark-modulation system for mixtures 
of ammonia with other gases. 

1.5b. Measurement of Relative Intensities. Often the physical 
data of interest are the relative intensities of a group of lines such as 
those resulting from quadruple splitting. If the lines are closely spaced, 
but adequately resolved, the relative intensities are given by direct 
comparison of the line heights. (If the line widths differ, this must be 
considered in comparing integrated intensities.) Often the frequency 
scale is so wide that appreciable variations in power and spectrometer 
sensitivity occur. These variations, however, can presumably be meas¬ 
ured and corrected for. Relative intensities can be measured on both 
video and Stark-modulation spectrographs. r Phe latter type is some¬ 
what less sensitive to power variations. If spectrographs that yield 
line derivatives are used, it is important to note that the maximum 
signal response is an inverse function of the line width. (Usually it is 
inversely proportional to the nth power of the line widths, where n is the 
order of the derivative in question.) 

1.5c. Measurement of Absolute Intensities. Most measurements 
of the absolute absorption coefficient are made on broad lines at fixed 
frequencies, alternately with absorbing gas in the cell and with the cell 
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evacuated (see Art. 1.1a). If the cell is a simple waveguide, a,, is given I 
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where P is the square-law detector reading without gas absorption and 

P — AP the reading with gas absorption. The change in wavelength 

in the cell resulting from dielectric changes upon admission of the gas 

can cause errors when there are reflections in the cell. The magnitude 

of these errors can be checked by using a non-absorbing gas in the 
comparison run. 

1 he requirement of a square-law detector and a linear amplifier can be 
avoided by the use of a calibrated microwave attenuator to restore the 
indicator reading after the gas is admitted to its value before the gas was 
admitted. In this modification a balanced detector with a null-readin 
indicator is usually employed. The gas absorption is then equal to tin 
difference in attenuator settings. Beringer 34 and Strandberg, Meng, and 
Ingersoll 51 measured the absorption in oxygen at 50,000 Me in this 
manner. Townes 05 measured the absorption in ammonia at 25,000 Me 
by measuring changes in the standing-wave ratio resulting from the gas 
absorption in a shorted waveguide cell. 

Some methods of measuring a* employ cavities, either tuned or 
untuned. Knowledge of the effective .cavity Q values before (Q) and 
after (Q L ) the gas is admitted yields a* from Eq. 1.15. Determination 
of a weak absorption requires a high cavity Q y and hence a large cavity. 
Even for small cavities, however, an increase in sensitivity can be 
achieved over waveguide cells of the same volume. The disadvantages 
are frequency sensitivity and poor resolution (the high-energy densities 
m cavities require relatively high gas pressures to avoid saturation 

effects). 

An untuned cavity is so large that its many modes cannot be resolved. 
Hecker and Antler ;,e achieved this condition at 24,000 Me by using an 
8 ~tt cubical copper cavity with electric fans in it to mix the large number 
°f modes and thus to produce a uniform radiation density throughout 
the cavity. The oscillator spectrum is made broad by using a pulsed 
magnetron source. Under these conditions the response of a square-law 
delector coupled weakly to the cavity is proportional to the total cavity 
Q (rather than to the square of the Q as with a tuned cavity). The Q 
depends upon the losses in the cell walls as well as in the gas. Apertures 
in the cavity walls are used to vary the cavity Q in a calculable fashion - 
A detection system of this sort 36 has been used to measure the absorption 
° vater vapor at 22,000 Me with an accuracy of about 5 X 10~ 9 cm“ J 
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The poor resolution, however, requires measurements at a fairly high 
pressure, which is most conveniently chosen as atmospheric. In the 
Becker and Autler experiment thermocouples were used to detect the 
radiation. The 360 junctions were distributed throughout the cavity. 
Alternate junctions were coated with a lossy material. 

1.6. PRECISION FREQUENCY MEASUREMENTS 

I he high resolution attainable with microwave spectroscopy implies 
the desirability of high-precision frequency measurements and, es¬ 
pecially, of accurate measurements of frequency differences. The 
precision necessary depends on the demands of the particular physical 
problem under investigation. Molecular dimensions in the ground 
vibiational state can be determined to an accuracy of a few tenths of a 
pei cent by cavity wavemeter measurements of the frequency of one 
isotopic combination together with precision measurements of the 
frequency differences between a number of isotopic combinations. This 
accuracy is usually all that is warranted b} r the self-consistency of 
solutions for the structure given by different isotopic combinations. 
On the other hand, the determination of certain centrifugal distortion 
constants of a molecule requires the comparison of widely separated 

frequencies and hence requires precision measurements of the absolute 
frequency. . 

If the spectral lines are well resolved, the accuracy attainable is 
usually determined by the relative distortions of the line and marker 
introduced by the spectrometer. The type of spectrometer used, in 
turn, depends on the many factors discussed in Sec. 1.4. With a line 
breadth of 100 kc, it is not difficult to estimate the center of a strong 
line to 10 kc. Suppose, however, that a line of this width is detected by 
a system using a square-wave Stark-modulation frequency, v m , of 100 kc. 

If the amplifier is timed to the fundamental modulation frequency, the 
apparent line breadth is multiplied by a factor 58 1 -f (v m /2 A*>) 2 = 1-25. 
Other distortions may occur in Ihe amplifier and in the detection systems. 
Furthermore, with the usual spectrograph, the optimum sensitivity 
occurs at comparatively high pressures where saturation effects 55 are 
negligible. Unresolvable fine or hyperfine structure may also prevent 
accurate measurements. 

1.6a. Measurement of Absolute Frequencies. All the present 
methods of measuring absorption frequencies to accuracies of 100 kc or 
better are based on the use of the frequencies broadcast by the National 
Bureau of Standards station WWV as primary frequenc}' standards to 
adjust or calibrate the frequency of a crystal-controlled oscillator used 
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to generate the markers. The frequency of this oscillator is multiplied 
to the microwave region where the harmonics serve as secondary fre- 
quency standards that may be compared with spectral line frequencies. 
, the designs in present use are similar to the frequency standards de¬ 
veloped by the cooperative effort of the National Bureau of Standards 
and the Massachusetts Institute of Technology Radiation Laboratorv 29 
( uring \\ orld War II. Details of the frequency standard design depend 
on the relative weighting of many criteria. It is desirable to have closely 
spaced crystal harmonics so that the frequency interval between a 
harmonic and a spectral line, measured with a calibrated radio receiver 

i k aS smaI1 as so as to minimize the error in the receiver 

calibration. But confusion in assigning the proper harmonic is usually 

avoided by means of a cavity wavemeter which is accurate onlv to about 
5 to 15 Me. 

frequency standard design is closely related to the sources of micro- 
wave radiation being used. At present the spectral region below GO 000 
Me is conveniently covered by the direct output of reflex klystrons- 
the frequencies above 60,000 Me are best attained by multiplying the 
klystron frequencies by means of a crystal harmonic generator This 

m g n g no t L that a freq " ency standard should provide coverage up to about 
>0,000 Me. Frequency standards used at Duke 69 provide coverage to 
higher than 40,000 Me. This coverage is adequate for most purposes 
since the region from 40,000 to 60,000 Me can be investigated almost as 
well with harmonic generator sources as with the klystrons available 

the circuit diagram of one of the Duke frequency standards is shown 
m Fig. 1.33. It is crystal controlled at either 5 or 10 Me, depending on 
the reception ot the comparison frequencies broadcast by WWW The 
crystal oscillator circuit is a modified Pierce oscillator. ' The resonant 
frequency of such an oscillator circuit is substantially independent of the 
operating point of the tube. The crystal is temperature controlled and 
may be tuned with a trimmer condenser either to exactly 5 (or 10) Me or 
more conveniently, to a few hundred cycles above or below the WWY 
frequency. In the latter case, the beat frequency between WWY and 
the local-oscillator crystal is measured by observing the Lissaious 

l»ttc, ;ra with audio oscillator. This is csperituoul.llv anTiier 
technique than observing the null beat between WWY and the lo,-,l 
crystal-oscillator frequency. 

In Fig 1.33, the oscillator is followed by several stages of amplification 
mid multiplication, using conventional tubes, and culminating in a 
lequency of 2/0 Me. This frequency is multiplied by a klystron 
multiplier to 2970 Me The use of a klystron multiplier' was dieted 

• the deSlre to reach as h 'g h a frequency as conveniently possible 
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before generating the desired microwave standard frequencies by har¬ 
monic multiplication with silicon or germanium crystals.f It is the 
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most expensive unit of the standard, and it can easily be replaced by 
another stage ol conventional triode multiplication if standard fre¬ 
quencies are not needed beyond about 30,000 Me. 

t Most research workers who have used both types of crystals find the germanium 
ones more satisfactory in frequency standard multiplication. They are not avail¬ 
able commercially, however, and the silicon crystals are quite adequate. 
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The standard microwave frequencies are generated by impressing a 
mixture of the 2970-Mc klystron output and 90- and 270-Mc signals 

F?g m i U 3 7 l r ChaiD ° nt ° 3 multipHer C ^’ stal runted as shown in 
i , harmomcs > /*. of ^e multiplier crystal are analytically 

described by the relation/* = 2970/n + 90n =fc b where m and n a ,e 

m egeis and b is the multiplied beat frequency between WWV and the 

ocal crystal, with the proper sign taken. For simplicity b will be taken 
as zero. utK.cn 

Those harmonics above the cut-off frequency of the waveguide mount 
will be transmitted down the guide to the mixer crystal. The tuning 
plunger is adjusted tor a maximum signal. Also incident on the mixer 
crystal is a fraction of the microwave energy from the reflex klystron 
source used to detect the particular absorption line to be measured 
ihe differences between /* and the klystron frequency/ are present in 
ie spectrum of frequencies generated by the mixer crystal. One of 
iese is amplified and detected by a calibrated communications fro 
quency receiver. When the receiver output is at a maximum, the 
klystron frequency ,s then 2970 + 90n ± the receiver setting.t The 
in egei n is determined from wavemeter measurements of the frequency 

about 2- U i5?f M reqU ?. Cy C0Velage ° f a frequenc > r standa >' d is limited to 
‘ >out 2a,,000 Me, a klystron multiplier need not be employed Con 

\ entional tnode multiplication to about ,500 Me, together with crystal 

laimomc generation, provides adequately strong markers for the 

un< region. Since wavemeter calibrations below 2.5,000 Ale are 

2oTo 30 8 M° t0 U fe "' megaCyCleS> the markers can be spaced closely, 

[ 30 Me, Without danger of incorrect marker identification. 

t the spectrum to be measured is above the frequency range covered 

'Z he method Scribed, it is possible to use as the p,Wy 

and m SOllIce a stab)llzed klystron operating in the region of 8000 Ale 

detr?!T7 7 C ° mPariSOn " iU : 3 SeCOndar y standard of the typo 
lato 7 1 PreV1 T S Pa, ; aglaph - A ' ve,, - d esigned stabilized oscil- 
( , v , f . m . ain,ained at a frequency constant to a fraction of a kilo- 

m i r r i ! ,at ° r is then multi P lied by means of the usual75 
iphei to the desired region of the spectrum and compared with an 

j* )sor Plion line by (he methods already described. Various re<ri nn « 

>C covered by shifting the klystron frequency to different pips of o'” 

secondary frequency standard. ame.ent pips of the 

Details of comparing a marker frequency with an absorof inn-li„ 0 
|( quenev depend on the detection system used for the lines. The 

t It should be noted that weak signals every 30 Me or even in \i 
accidental pickup are sometimes observed. ' ’° Mc '^‘".ng from 
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interpolation-receiver-bandpass of a few kilocycles determines the marker 
width at the i-f stage of the receiver—a width much less than that of the 
spectral line to be measured. Frequently measurements are made with 
sweep spectroscopes employing crystal video detection or Stark modu¬ 
lation. The klystron frequency is swept by a low-frequency saw-tooth 
voltage which is also applied to the horizontal deflection plates of an 
oscilloscope. The sweep must be sufficiently slow so that neither the 
marker pip nor the absorption line is significantly distorted or delayed 
by its respective amplifier. The pip and the absorption-line signal are 
usually mixed at the input to the broad-banded scope amplifier. The 
marker appears as a pip which can be superimposed on the absorption 
line by varying the receiver setting. In this fashion many lines have 
been measured to accuracies of about 50 kc at frequencies up to 40,000 
Me, and to 150 kc at frequencies above 100,000 Me. 

Markers may also be superimposed on the absorption-line signal in 
Stark or other modulation spectrographs which employ a lock-in ampli¬ 
fier with an automatic recording meter. In this case, a convenient 
presentation is obtained by using the receiver output to actuate a relay 
mechanism which drives a marker pen. The time constants of recorder 
and relay must be short as compared with the time of sweeping over the 
spectral line. 

1.6b. Measurement of Frequency Differences. Often it is more 
desirable to know accurately the frequency difference between two 
spectral lines than to know accurately the absolute frequencies. For 
some problems, such as the measurement of quadrupole couplings, the 
frequency difference alone is necessary. A variety of techniques is pos¬ 
sible for measuring these frequency differences. If the spectral lines are 
strong and well resolved, but not separated by more than about 50 Me, 
a convenient technique is frequency modulation of the klystron source, 
which produces images of the spectral lines spaced from the center lines 
by the modulating frequency. 61 A variation of the modulating frequency 
can make images from adjacent lines coincide, or the image of a strong 
line can be made coincident with the center of a weak line. This tech¬ 
nique is particularly suitable for measuring symmetrically placed 
satellites of a strong central line, such as the satellites of the ammonia 
inversion lines. Since the images reproduce the line shape, it is relatively 
easy to judge coincidence. A point to note is that, when the source of 
radiation for the cell is a harmonic generator, the images are still spaced 
by the modulation frequency rather than by a higher harmonic of the 
modulation frequency. This method has been used to measure the 
ammonia hyperfine structure with a standard deviation of about 
15 kc. 62 
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Often the frequencies of new spectral lines can be measured by com¬ 
parison with known lines; thus the use of a crystal-controlled frequency 
tandard is avoided. If the frequency differences are too large for use of 

to em l h ° d deS '. ,lbed In the Previous paragraph, a convenient method is 
to employ a calibrated receiver to measure the beat note between two 

oscillators, one of which is stabilized at the frequency of the known line 

(bee. 1.3), while the other is used as the search oscillator. The range can 

7 ' ncreased stl11 further l> y beating a calibrated r-f oscillator against the 
stabilized microwave oscillator so as to produce a lattice of markers of 

known spacing on either side of the known spectral line. One then 
measures with the calibrated receiver the beat note between the search 
oscillator (when its frequency coincides with that of the peak of the 
unknown line) and the marker of the lattice which falls nearest to the 
in known line A method lor using known spectral lines in the measure¬ 
ment of new lines has been described in detail by Rogers Cox and 

Braunschweiger. 63 * * ’ > anu 
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2 . MICROWAVE SPECTRA OF GASES 


With one exception the spectra discussed here were observed through 
absorption of radiation. Because of the rapid decrease in the coefficient 
of spontaneous emission with frequency, microwave emission spectra 
under ordinary laboratory conditions are extremely difficult to detect. 
The Einstein coefficients of absorption, B m _» n , and spontaneous 
emission, A m _ n , are related by the equation, 



where v mn is the frequency involved in the transitions, and g m and g n are 
the degeneracies of the two states involved. Whereas emission spectra 
are easier to observe in the visible and ultraviolet regions, absorption 
spectra are by far the easier to detect at microwave frequencies, f 


2.1. ELECTRONIC SPECTRA 

2.1a. Atomic Spectra. The region of the spectrum from 0.05 cm -1 
to 5 cm -1 , now covered by precise microwave spectroscopic methods, 
includes many transitions between fine structure levels as well as many 
between hyperfine levels of free atoms. For example, the electronic 
ground states of Na 23 , Rb 87 , and Cs 113 are split into doublets with 
separations of 0.059, 0.228, and 0.307 cm' 1 , respectively, by the inter¬ 
action of the unpaired electron and the nuclear magnetic moment. The 
levels 2 2 Py 2 and 2 2 Py 2 in II and Li are separated by 0.305 and 0.338 
cm' 1 , respectively. Many ionized atoms have transitions falling in the 
microwave region. The advantages of microwave methods for measuring 
precisely such transitions can hardly be questioned. Nevertheless, 
atomic spectroscopy has not advanced so rapidly in the microwave 
region as has molecular spectroscopy of gases and magnetic resonance 
spectroscopy of solids, largely because of the difficulty of observing the 
microwave spectra of free atoms or ions. It is particularly hard to get 

f In this book we follow the custom in microwave absorption spectroscopy (but 
not in optical spectroscopy) and write the lower level of a transition first—for ex¬ 
ample, m —> n, where m is the lower level. 
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enough absorbing atoms into the cell to give a detectable absorption line. 
jNew methods of producing free atoms and ions, together with further 
improvement in the sensitivity of microwave spectrometers should 
bring about considerable acceleration of the work in this field. A few 
important experiments have already been accomplished. Among these 
are the observation ol transitions between ln^perfine levels of Cs by 
Roberts, Beers, and Hill,*- that of transitions between hyperfine levels of 
Na‘ by Shimoda and Nishikawa, 16 the Lamb-Retherford experiment 2 
on H, and the observation of emission spectra by Ewen and Purcell. 3 
The theory of fine and hyperfine structure in atomic spectra is treated 
in such books as White’s Introduction to Atomic Spectra and Condon and 
Shortley’s Theory of Atomic Spectra, and, in view of the few applications 
so far made in the microwave region, will not be included here. 

Lamb-Retherford experiment. In contradiction to previously estab¬ 
lished Dirac theory, Lamb and Retherford 2 found that the 2 2 S^ and 
2 Py 2 levels of the hydrogen atom are not degenerate but are separated 
by about 1000 Me. The ingenious method used by these researchers 
is described in Art. \Ag. A similar experiment performed later by 
Lamb and Skinner 4 showed that the corresponding levels of ionized 
helium, which according to the Dirac theory should also be degenerate, 

are separated by 14,000 Me. The latter splitting has also been detected 
by optical spectroscopy. 5 

The Dirac theory 6 pi-edicts that for hydrogenlike atoms states with 
the same total quantum number, n, and angular momentum j are 
degenerate. Shortly after the initial Lamb-Retherford experiment 
showed this feature of the Dirac theory to be incorrect, Lethe 7 demon¬ 
strated that the anomaly could be caused by interaction of the electron 
"lth the radiation field. With non-relativistic quantum electrody¬ 
namics, Lethe predicted that this interaction should cause an upward 
shift of about 1050 Me in the 2 level of II and a negligible downward 
shift in the 2 P Vl level. He predicted also, in approximate agreement 
with experiment, that the corresponding electromagnetic shift in He + 

should be about 13 times larger than that in II. A more precise theory 
or the interaction has been worked out by Kroll and Lamb 8 and bv 
I'reneh and Weisskopf,* who used relativistic quantum mechanics 

e resulting formula 4 for the energy of separation of the n 2 S,- and 
n 1 '.i levels lor hydrogenlike atoms is ' 2 


ML,, = 


8« 3 Z 4 

- Ry -.7 


3 


, J 23 1 

log r - log 2 -I- 

« 21 5 


( 2 . 2 ) 

where a is the fine structure constant, Z is the atomic number, Ru is the 
lization energy of hydrogen, and \ is a calculable parameter which is 
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proportional to an average excitation energy of the atom. With this 
formula the energy difference of 2 2 S H - 2 2 Py 2 predicted for H is 1051 
Me and for He + , 13,820 Me. The latest measured values for these are 
1062 =b 5 Me and 14,020 zb 100 Me, respectively. Although small 
discrepancies between theory and experiment still exist, there seems 
little doubt that the Lamb-Retherford shift is caused in the main by 
interaction of the atomic electron with the radiation field. 

Emission line from interstellar hydrogen. One of the hyperfine tran¬ 
sitions, v — 1420.405 Me, of atomic hydrogen has been detected in 
galactic radiation by Ewen and Purcell. 3 The interstellar radiation was 
detected with a superheterodyne receiver connected to a large horn-type 
antenna. The beam width of the horn was 30°. The line in the vicinity 
of the center of the galaxy was observed in emission with a temperature 
of 40° zb 5° C with respect to the radiation temperature of the back- 
giound. It was found to have a width of 80 kc. A Doppler shift was 
obseived which was satisfactorily accounted for by the earth’s orbital 
motion and by the motion of the solar system. Variation of the Doppler 
shift during the time ot observation provided evidence that the source 
is extended. 


lhe Ewen-Purcell experiment represents the first observation of 
emission spectra in microwave spectroscopy as well as the first obser¬ 
vation of a discrete spectral transition in microwave radiation from 


outer space. 

2.16. Oxygen. The microwave absorption of oxygen is of special 
interest because of the presence of oxygen in the atmosphere. There are 


two regions of the microwave spectrum in which resonant absorptions 
of microwaves occur, 10 the region of 5 mm and that of 2.5 mm. The 
2.5-mm absorption arises from a single resonant absorption peak, 
whereas that in the 5-mm region consists of a large number of lines 
which are not resolved at atmospheric pressure. These lines spread 
from about 4-mm to 6-mm wavelengths with the strongest absorption 
occurring near 5 mm. See Fig. 2.1.| 

The 5-mm absorption was first measured by Reringer 11 at atmospheric 
pressure during World War II and has since been remeasured at this 
pressure by Lamont 12 and by Strandberg, Meng, and Ingersoll. 13 
Using a Zeeman-modulation spectrograph, Burkhalter, Anderson, Smith, 
and (lord}" u have succeeded in detecting the 5-mm lines at low pressures 
where the individual lines are completely resolved. The resonant 


f Despite the comparatively weak magnetic dipole absorption, the peak attenua¬ 
tion of about 15 db per kilometer in air 12 is of considerable practical importance in 
radar and other microwave transmission applications. 
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absorption at 2.5-mm wavelength was later detected by Anderson 
Johnson, and Gordy. 16 ' 

The oxygen spectrum arises through a magnetic rather than an 
electric coupling to the radiation field." From symmetry considerations 
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between the fine-structure components of given rotational levels. This 
fine structure arises from an interaction between the end-over-end 
rotational momentum of the molecule, defined by the quantum number 
N, and the total electronic spin momentum, defined by the quantum 
number 5. The exact mechanisms involved are interpreted somewhat 
differently by Kramers 16 and by Hebb. 17 The resulting formulas 
further developed and corrected by Schlapp 18 are, however, identical. 

Since in a 2 state there is no electronic orbital angular momentum, 
the total momentum number J is given by 

J = N + S N + S - 1 ••• TV -S (2.3) 

The selection rules are AJ = ±1 and A TV = 0. For 0 2 , S = 1 so that 
there are three values of J for each TV. Hence, each rotational level is 
split into a triplet. The triplet intervals depend on the nature and 
magnitude of the coupling of <S and TV. The formulas derived from 
first-order perturbation theory by Schlapp 18 are 

E n+1 = E 0 + (2TV + 3 )B — X + n(N + 1) 

- [(2TV + 3 ) 2 B 2 + X 2 - 2\Bp 
E n = E 0 (2.4) 

Fat-i = E 0 - (2TV - 1)F - X - pN 

+ [(22V - 1) 2 F 2 + X 2 - 2 \B]'\ 


where B = h 2 /(8ir 2 1 B c), E 0 = BN{N + 1) are the unperturbed rota¬ 
tional energies, and X and /i are coupling constants which must be deter¬ 
mined empirically. The quantity X is a measure of the energy of coupling 

which depends on the factor [3 cos 2 (S, N) - 1] in the classical Ilamil- 

% • 

tonian, and m is a measure of the coupling energy which depends on 
cos (S, N). Application of the selection rules AJ = ±1 and AN = 0 
gives two series of microwave absorption lines, 


v+(N) — —(2 N + 3 )B + X — 1) 

+ [(2iV + 3 ) 2 B 2 + X 2 - 2 \Bp 
v-(N) = +(2 N - 1)B + X + 



- [(2A - 1) 2 £ 2 ,+ X 2 - 2 ABf\ 

where (N) represents the transition J = + 1 — > N, and v^(N) 

represents the transition J = N — 1 —> N. 

Prior to accurate microwave measurements the best values of X and n 
were obtained from Babcock and Herzberg’s 19 infrared measurements on 
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atmospheric oxygen. These values (X = 1.985 cm -1 and /x = -0.00837 
cm *) were used by Van Vleck 10 in computing the microwave atmos¬ 
pheric absorption of oxygen, for comparison with Beringer’s high- 
pressure measurements. 11 At atmospheric pressure most of the ab¬ 
sorption lines are unresolved or only partially resolved. Recent low- 
pressure microwave investigations u - 16 have resulted in the detection 
of 26 well-resolved fine-structure lines with values of N ranging from 1 
to 25. These observations have resulted in a redetermination of the 
coupling constants as X = 1.983971 cm' 1 ; „ = -0.0085114 cm^ 1 for 
the v+ series. The accuracy of the microwave frequency measurements 
reveals a breakdown of Schlapp’s formulas, presumably caused by 
neglect of higher-order perturbations. Thus the series cannot be fitted 
by the same value of M , and, indeed, is best fitted by both revising „ to 
-0.0069497 crn^ 1 and adding a term a/[N(N + l)]* where a = 

+0.0049345 cm ', to the relation. 11 Other data on line breadths 
and Zeeman effect are discussed in Sec. 4.2 and Sec. 3.2. 

Several lines of other isotopic combinations of 0 2 have also been 
observed. 20 These have added to the knowledge of the isotopic spins 
° has zel '° r -+»+ resulting in zero statistical weight for even rotational 
levels of 0 2 . (Sec. 4.5.) Hence, only odd values of N are observed. 
Similarly, only odd values of N are observed for 0 2 8 , a result which 
confirms a spin of zero for this isotope. 20 Measurements on O 16 0 17 sug¬ 
gest, a spin 20 for O 1 ' greater than H, in agreement wit h the nuclear in- 
duct ion value, ^. 2i 

2.1c. Free Radicals. The interaction of electronic momentum with 
end-over-end rotation in such light free radicals as OH, OH, and SII 
causes a sub-level splitting which is of the order of a microwave quan¬ 
tum 20 for states highly populated at room temperature. As techniques 
develop ,t seems probable that direct transitions between A doublets or 
•spin mult.plots (similar to those in oxygen) of many free radicals will 

be observed.! A promising method for their study is paramagnetic reso- 
nance... 

» • 

2.2. MOLECULAR ROTATIONAL SPECTRA 

Absorption of energy by most gases in the microwave region of the 
electromagnetic- spectrum is intimately connected with rotational 
motions ot molecules in the gases. From rotational spectra raS 
pi ecise knowledge of molecular structures may be obtained. 

t As this hook goes to press, observation of this type of spectrum in thn ntr f 

OKlK-ul has been made by T. M. Sanders, A. L. Shawlow, G. O Dousanis and C H 
Townes (private communication). ’ ’ and C ' H - 
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Absorption of electromagentic energy by rotation arises from inter¬ 
action of the molecular dipole moment with the electromagnetic field. 

^ ^ . 0 — is no permanent 

dipole moment in the molecule. Classically, the molecule may rotate 

with any angular velocity, which would result in a continuous absorption ■ 

however, discrete spectral lines are observed. This indicates that only 

certain rotational energies are possible—a well-known result predicted 

bj wave mechanics. Although classical mechanics does not always lead 

to the correct results, it gives useful pictures of the molecular motions. 

In the final analysis, the use of wave mechanics becomes necessaiy for 
the correct interpretation of the spectra. 

2.2a. Classical Description. Molecules may be classified dynami¬ 
cally as linear rotors, symmetric tops, asymmetric tops, or spherical 
tops, depending upon the configurations of the nuclei. More precisely, 
this classification is made on the basis of the momental ellipsoid. 24 The 
moment of inertia of a rigid molecule about any axis is defined by 

1 = £ m i r i 2 . ( 2 . 6 ) 

i 

where m,- is the mass and r, is the distance from the axis of the ith nucleus. 
The locus of Vv/ plotted along axes passing through the center of 
gravity is an ellipsoid called the momental ellipsoid with its center at 
the center of gravity of the molecule. Moments of inertia about the 
principal axes of the ellipsoid are called the principal moments of inertia. 
About these axes the products of inertia vanish, and the body can be 
dynamically balanced when rotating about a principal axis. 

If a molecule has an axis of S 3 unmetry, the moment of inertia about 
that axis is a principal moment. Principal axes ma} r often be found from 
the symmetry of the molecule. For a diatomic or a linear polyatomic 
molecule, the principal moment about the internuclear axis is zero; the 
other two are about axes perpendicular to the internuclear axis and are 
equal. If theie is only one axis of three-or-more-fold symmetry and it is 
the axis of highest symmetry, the molecule (other than linear) is a 
symmetric top. The axis of highest symmetry is called the figure axis 
and is a principal axis. lor example, the carbon-chlorine internuclear 
axis in methyl chloride is the figure axis. Moments of inertia about 
principal axes perpendicular to the figure axis of a symmetric top are 
• equal. A molecule in which the moment of inertia about the figure axis 
is accidentally equal to the other principal moments of inertia is actually 
a spherical top; however, such molecules are infrequently found and have 
spectra characteristic of symmetric tops. Spherical tops have no pre¬ 
ferred axes, and moments of inertia about any axes through the center 
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of gravity are equal. The majority of molecules found in nature are 
asymmetric tops. In them all three principal moments of inertia are 
different. If a two-fold symmetry axis exists, it is a principal axis. When 
there are planes of symmetry, one principal axis is perpendicular to one 
of the planes, and the other two lie in that plane. For example, methyl¬ 
ene chloride (CH 2 C1 2 ) has a two-fold symmetry axis contained in two 
mutually perpendicular planes of symmetry. One principal axis is the 

symmetry axis; each of the other two principal axes lies in one of the 
symmetry planes. 

Most mechanical relations'are compact ly expressed in terms of the 
principal moments of inertia. The components of the angular mo¬ 
mentum P of a rotating molecule are given by 


Pa = 

P 6 = h<»b, 


(2.7) 


Pc = /> 


c> 


where u is the angular velocity, and the rotational energy is expressed as 

Pc 2 

( 2 . 8 ) 


P 2 p 2 

E r = — + — + 

21 a 2 I b 2 I c 


When the molecule is linear (with /„ = 0, I c = I b ) ! K (| . 2.8 bee 


omes 


E r = 


l\ 2 + Pc 2 
21 ,. 


p 2 

2 T 


(2.9) 


Motions of a symmetric-top molecule are somewhat more complicated 
than are those of a linear molecule. In them there can be a component 
of angular momentum along the moving-figure axis. The motion can 
be considered to be a rotation of the molecule about the figure axis 
which processes about P. The angular momentum P. which is fixed in 
space, is not fixed in the molecule; however, the angle between P and the 
figure axis remains constant throughout the precession. Figure 2 2 
illustrates the motions of an oblate symmetric top. The molecule is 
rigidly attached to a right circular cone whose apex is at the molecule’s 
center of gravity and whose axis lies along the figure axis. This cone 
rolls along a stationary right circular cone whose axis is the am-uhr 
momentum vector P. If the top is prolate (/„ < I h = / e) the moving 
cone lies outside the fixed cone; if it is oblate (/„ > I b = / e ) the moving 
cone is within the fixed cone as in Fig. 2.2. For a reversal of rotational 
direction about the figure axis the moving cones roll in the opposite 
direction and both P and P„ are reversed. The rotational energy is the 
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Fig. 2.2. Illustration of rotation of 
oblate symmetric top. 


sum of the precessional energy and 
the energy of rotation about the 
figure axis: 


( 2 . 10 ) 

h or all but accidental symmetric 
tops the dipole moment vector lies 
along the figure axis. Only the pre¬ 
cessional motion involves a change 
in direction of the dipole. Thus, 
energy absorbed from an electro¬ 
magnetic field is converted into pre¬ 
cessional energy and does not speed 
up rotation about the figure axis. 

Classical motions of an asymmet¬ 
ric top ( I a I b ^ I c , convention¬ 
ally I a < h < Ic) are much more 
difficult to visualize. An asymmet¬ 
ric-top molecule may be considered 



to be attached rigidly to its mo- 
mental ellipsoid. 'I he total angular momentum vector P is fixed in space, 
and the momental ellipsoid rolls without slipping on a plane perpendicular 
to P and tangent to the ellipsoid. See Fig. 2.3. None of the ellipsoid’s 



I 

i 

P 

Fig. 2.3. Illustration of motion of asymmetric top. 
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axes generates a cone as does the figure axis in a symmetric top. Equa¬ 
tion 2.8 gives the rotational energy. For a more detailed description of 
the behavior of an asymmetric top, the reader is referred to Winkelmann 
and Grammel’s article in Handbuch der Pliysik , 25 

Methods of expressing the principal moments of inertia in terms of 
the molecular dimensions and atomic masses will be found in Sec. 8 . 1 . 

2 .2b. Diatomic and Linear Molecules. For a rigid linear molecule, 
the quantum mechanical rotational wave equation in polar coordinates is 


1 


sin 6 dO 


sin 6 


di 

dd 


+ 


1 


d 2 + 8 tt 2 IE 

H- —tp = 0, 


( 2.111 


sin 2 6 d<f > 2 ' h 2 

where 0 is the polar angle of the molecular axis with respect to a fixed 
direction in space (the Z axis) and <f> is the azimuthal angle. Physically 
significant solutions of Eq. 2.11 are possible for certain discrete values 

°f E = Ej onI y, with corresponding particular wave functions p = 4 ,, 
Quantum mechanics texts 26 ’ 27 give the solutions 


Ej = 


h 2 

— + 1 ), 


87 t 2 I 


>/v — M *(cos 6 ). 


( 2 . 12 ) 


(2.13) 


N jm = 


1 f(2 J+ 1) 


\Z2tt 


(J - 

M |)! 

(J + \ 

M )! 


X A 


where the rotational quantum number J may take any positi\'e integral 

value, and the “magnetic” quantum number . 1 / takes the 2 J + l 
integral values 


M = J 


J - 1 


J - 2 


— J 


n\ M 


(2.14) 

j ■ (cos 0 ) is the associated Legendre function, and N JM is a normal¬ 
ization (actor whose value is such that the integral of + 2 over-all smce 
is unity. ‘ K c 

Comparing E<,. 2.9 and Eq. 2.12 shows that a substitution of 

P.^VjiT+T) (2.15) 

in the former yields the latter. Thus the total angular momentum P is 
quantized. Similarly, the component of the angular momentum P 
along the axis fixed in space is quantized and has values, 

h 

I J z = — M. 

2tt 


(2. Hi) 



94 MICROWAVE SPECTRA OF GASES 

Since all 2J + 1 values of M give the same energy, the levels are 

(2 J + l)-fold degenerate. One way of removing this degeneracy is to 

split the level into 2 J + 1 sub-levels by the application of a sufficiently 

strong magnetic field; hence the name, “magnetic quantum number” 
for M. 1 

Equation 2.12 is frequently written 


Ej = hBJ(J + 1), (2.17) 

where B = A/(8 tt 2 / 6 ). Centrifugal distortion in the molecule is taken 
into account by the addition of the small term DJ 2 (J + l) 2 . In its 
more general form, the energy is 


Ej = h[BJ(J + 1) - DJ\J + l) 2 ]. 


For a diatomic molecule, 28 



(2.18) 

(2.19) 


where w is the fundamental vibrational frequency of the molecule. 
A. 11. Nielsen 29 has found that for linear triatomic molecules 

D = 4 « 3 (~2 + K ) ( 2 . 20 ) 

\w 3 0)1 / 

where an and w 3 are the bond-stretching frequencies and £ 3 and fi are 
weighting factors for the fundamental stretching frequencies. 

The selection rules (see Chapter 4) are 

AT = ±1 AM = 0, ±1. (2.21) 

Absorption of energy corresponds to AJ = +1. With Bohr’s postulate, 

Ej- - Ej = hv, (2.22) 

Eq. 2.18 yields 

v = 2/1 (J + 1) - 4 1)(J + l) :i , (2.23) 

where v is the spectral line frequency. Here ,/ is the quantum number 
for the lower state. For small values of J, the second term is negligible. 

In an excited state, the value of B is in general different from that in 
the ground state. For diatomic molecules, the value of B in a state of 
vibrational quantum number v is 


B v = B t - a(v + i), (2.24) 

where B e is the equilibrium value of B and a is a small constant ( ~0.5 
to 1 per cent of B and positive). In the ground vibrational state 

B„ = B e — a/2. 


(2.25) 
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To determine B e , it is necessary to know B for an excited vibrational 
as well as for the ground state. 

The rotational constant B for linear polyatomic molecules in excited 
vibrational states is given bv 



(2.2(3) 


where the summation extends over all modes of vibration. Quantum 
number i\ is the quantum number of the z'th mode of vibration, and d, 
is the degeneracy of that mode. A linear molecule with n atoms has 
3n - 5 modes of vibration, some of which are degenerate. For example, 
an XYZ molecule like HCN has two non-degenerate stretching modes 
and one degenerate bending mode. In order to determine B e , it is 
necessary to know B v for the ground state and for as many excited states 
as there are modes of vibration with each mode excited at least once. 

Coupling of the rotational angular momentum with momentum 
resulting from excited degenerate bending vibrations leads to a sym¬ 
metrical splitting of the rotational levels known as l -type doubling. 
The doubling of the levels gives rise to a pair of lines with separation 


Av — 2 q(J -f- 1) (2.27) 

where q is of the order 2 B~/u and w is the vibration frequency of the 

degenerated bending mode. 2 ^ 33 This phenomenon is treated in more 
detail in Sec. 2.3. 

The peak absorption coefficient of a pure rotational line of a linear 

molecule, with approximations and substitutions discussed in Sec. 4 6 
can be expressed as ; 


«Ma X = 4.94 X 10 -12 


O *1 

mV 


L T 2 (toh- 






where a MttX = absorption coefficient in cm-’ at the resonant peak 

F„ = fraction of molecules in the particular vibration state 
der observation. See Sec. 4.5. 

B = rotational constant in Me. 


un- 


M = the molecular dipole moment in Debye units. 
v = the resonant frequency in Me. 

T = the absolute temperature. 

(AQ, = the line breadth in Me at T = 300° K and P = i 

of Hg. 

•/ = the quantum number for the lower rotational state of t he 
transition. 
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At room temperature (300° K) the exponential term is very close to 
unity, and Eq. 2.28a can be expressed 

(<*Max)r=3oo = 55 X 10 ~ 18 fi 2 v 3 F v /(Av) u (2.286) 

with the same units as above. For linear polar molecules (A^)i ranges 
from about 6 to 24 Me for dipole moments ranging from 0.7 to 3 Debye. 
See Table 4.1. Hence, very approximately (Av) x = 8/x, and Eq. 2.28a 
becomes (assuming F v = 1) 

(«xMax)7’=300 ~ 7 X lO' 18 /^ 3 . (2.286 ) 

This last form can be used, but with caution, to estimate quickly the 
intensities of unknown lines of linear molecules at room temperature. 

As indicated by the theory just described, the pure rotational spectrum 
of a linear molecule in its ground vibrational state consists in the first- 
order approximation (Eq. 2.17) of a series of equally spaced lines. The 
series originates at a frequency of 2 B and progresses toward higher fre¬ 
quencies. For molecules having moments of inertia approximately as 
large as, or larger than, that of carbon monoxide, the series originates in 
the microwave region or in the still longer wave r-f region. Centrifugal 
distortion (Eq. 2.18) tends to make the series converge slightly in passing 
to higher frequencies. For molecules in excited degenerate vibrational 
states each line is split into a doublet with the doublet spacing increasing 
with the frequency of the transition (with J ). The intensities of the lines 
increase with frequency (Eq. 2.28) until a maximum is reached some¬ 
where in the infrared region. Figure 2.4 illustrates graphically the 
microwave rotational spectra of CO and SCSe. Rotational transitions 
for all linear molecules except the light diatomic hydrides, such as HC1, 
fall within the microwave region. Nevertheless, from the point of view 
of intensities the microwave region is not the most favorable part of the 
spectrum for observing rotational spectra. This can readily be inferred 
from Fig. 2.4 or from Eq. 2.28. However, the very high sensitivity now 
obtainable with microwave spectrographs makes it easy to observe the 
lines despite their low intensity. 

The rotational spectra of a number of diatomic and linear polyatomic 
molecules have been measured in the microwave region. These range 
from the very light diatomic molecules such as CO to heavier polyatomic 
ones such as ICN. The rotational constants obtained by the application 
of the above theory to the observed spectra are listed in Table A A in the 
Appendix. In addition to the interatomic distances which are evaluated 
from these constants (see Chapter 8), considerable information is ob¬ 
tained from features of rotational spectra to be described in later sections. 
The rotational spectra of simple linear molecules are particularly useful 
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in evaluating mass ratios of isotopes and other nuclear properties (see 
Chapter 6). 

To obtain an accurate evaluation of the small centrifugal stretching 
constant D Jt it is necessary to measure rotational lines in the high-fre¬ 
quency millimeter region as well as in the low-frequency centimeter 
region. Recently, precise measurements have been made at Duke 34 



on rotational transitions of a number of molecules in the wavelength 
region of 2 to 4 mm. These measurements provide a test of Eqs. 2.18 
and 2.20 Equation 2.18 was found to lit the group of lines measured 
'wthin the accuracy of the measurements, ~3 parts in 10°. The agree- 
ment, obtained with Eq. 2.20 was only approximate. 

2.2c Symmetric-Top Molecules. The quantized rotational ener¬ 
gies of the symmetric-top molecule were first obtained by Dennison 33 
with matrix mechanical methods and later by Reiche and Rademacker 36 
and by de kromg and Rabi 33 with the Sch.odinger wave equation 
ihe wave equation for a rigid symmetric-top rotor is most conven- 
nlyexpressed in terms of Euler’s angles, B, 0 , and x , shown in Fig. 2.5. 

f ’ 5 ’ and Z are f,xfid m s P a «h and a, b, and c, the principal axes 
10 mornental elll Psoid, are fixed in the molecule with axis a along the 
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Z 



Fig. 2.5. Euler’s angles. 


figure axis (I a ^ /& — I c ). In terms of Euler’s angles, the wave equa¬ 
tion is 35>36 


—-( sin 9 — 

sin 9 09 \ 09. 


1 dV 


^ J lb cos 2 0\ d 2 i 

I a sin 2 9 ) d(f) 2 sin 2 9 dx 2 


COS 9 d 2 \p Sir 2 I b 

- 2-+ —— Ert = 0. (2.29) 


sirr 9 d(j> dx 


h 2 


Solutions to this equation which have physical significance are 

i = N JKM e lK *e iMx (sin 0/2) 1 K ~ M '(cos 0 / 2 )' K+M '//sin 2 0 / 2 ), 
NjkM = 


(2 J + 1)(/ + || K + M | + K — M |)! 

(J - || K + M | + || K - M |)lJ 


a 


(2.30) 


8tt 2 (J - || K + M | - || K - M |) !(| K-M | !) 2 

{J + A' + M | -|| K - M |)iJ 

where Njkm is a normalizing factor and //sin 2 0/2) is the hypergeo¬ 
metric series. 37 Quantum numbers J, K, and M may assume the values 


J = 0 , 1 , 2 , ■ • • 

K = 0, ±1, ±2, • • • ±J (2.31) 

M = 0, ±1, ±2, ■■■ ±J 


and have the following significance: ( h/ 2 w) Vj ’(J + 1) is the total angu¬ 
lar momentum P of Eq. 2.10, ( h/2ir)K is the component of angular mo¬ 
mentum along the figure axis corresponding to P a , and (h/2ir)M is the 
component of angular momentum along the Z axis fixed in space. 
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The characteristic energy values for the rigid symmetrical top are 
given by the formula 

EjK ~^r b J(J + 1> + h(z~T) K ’'- (232) 

This formula follows as a condition for the acceptable solution of Eq. 
2.29. If one assu mes the quantization of angular momentum P = 

(h/27r) Vj(j + 1) and its component P a = (h/2ir)K, the energy formula, 

hq. 2.34, may be obtained simply by a substitution of these values in 

Eq. 2.10. It is to be noted that for K = 0 there are 2 J + l values of M 

corresponding to the same energy in the absence of an external field. 

For & ^ 0 there are 2 J + 1 values of M and two values of K (zbA') 

corresponding to the same energy, and each K sublevel is 2(2 J + l)-fold 

degenerate when K ^ 0. In the usual spectroscopic notation Eq 2 32 
is written ' 

Ejk = h[BJ(J + 1) + (A - B)K 2 ], (2.33) 

where A = h/8jr 2 l a and B = h/8ir 2 l b . 


AVhen the effects of centrifugal distortion are included as 

Slawsky and Dennison, 38 the rotational energy in the notation 
berg 31 is f 

A'./ A- = + 1) + (A - H)K 2 - DjJ 2 (J +1)-’ 


given by 
of Horz- 


- D jk J(J + 1)A 2 - D k K 4 ], (2.34) 

where l)j , I), Kt and 1 ) K are extremely small constants in comparison 
with ,1 and H. The term involving Dj results from stretching which 
arises from end-over-end rotation of the molecule; the term in D K arises 
from distortion caused by rotation about the figure axis; and the term in 
I\ik bom the interaction of these two motions. 

I he selection rules for a symmetric rotor (see Chapter 4) are 


•A*/ — 0, zb 1 


AK = 0 


AM = 0, =bl. 


(2.35) 


In the absence of external fields, the selection rule for .1/ is unimportant 

Rotational absorption spectra result for AJ =+l, and inversion 

spectra for AJ = 0. Applying Bohr’s postulate (Eq. 2.22), one obtains 
tuc formula 


„ = 2 B(J + 1) - 4 1)j(J -f l) 3 


2 DjkU + 1)A 2 , 


(2.3G) 


for the rotational spectrum where,/ is the quantum 
level of the transition. 


number of the lower 


t Note that rotational spectroscopic constants are expressed 
per second unless otherwise mentioned. Herzberg’s constants 


in this book in cycles 
are in cm -1 . 
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No satisfactory method of calculating the distortion constants from 
vibrational force constants and moments of inertia, comparable with 
that for diatomic molecules, is available for symmetric tops. An at¬ 
tempt in this direction has been made by Slawsky and Dennison, 38 
but the values for Dj and D JK which they predict for the methyl halides 
do not agree well with those determined from microwave spectroscopy. 34 
For symmetric tops in which the center of gravity is far removed from 
the atoms which do not lie on the figure axis, Dj can be approximated 34 
by Eq. 2.19, where w is now the fundamental vibrational frequency for 
the mode in which the atoms move away from the center of gravity 
during half of a vibrational cycle. For example, the observed value 
of Dj for methyl acetylene is 3.12 kc as compared with 3.24 kc calculated 
from Eq. 2.19 if the fundamental frequency used is co 5 (C—C stretch¬ 
ing) = 926 cm -1 . 31 

Although no dependence of the inversion spectrum on the quantum 
numbers J and K is expected from the application of the selection rules 
for inversion (A J = 0, A K = 0) to Eq. 2.34, this is not true for NH 3 
discussed in Sec. 2.4. It has been explained by Sheng, Barker, and 
Dennison 39 as an interaction of inversion with rotation. 

The peak absorption coefficient of a rotational line of a symmetric-top 
molecule, if it is assumed that lines of different K are resolvable, is given 
approximately by 


OBb, = 1.93 X IQ- 14 


v\ 2 [(J + l) 2 - K 2 \ 


„ [-4.80X10- + + 

X a A A gia K e L V 1 ; 


(O Q7 


or, at room temperature the exponential term is near unity, and' 


(«Max)r=300 


1.23 X IQ-^^agwKA^F, 

(A*0i 


1 - 


K 2 


G J + D 2 J 


(2.376) 


where a Max, (A?)i, F v , m, v, and T have the same significance and units 
as defined for linear molecules in Eq. 2.28, A and B are the spectral 
constants defined above, and a is the symmetry number. (See Sec. 4.5.) 
The statistical weight factors used here are 


Ok = 1 for K = 0 


Ok = 2 for K 5 * 0. 


(2.38) 
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For molecules with a threefold axis of symmetry with one set of three 
identical “off-axis” nuclei having spins I (C 3y symmetry: examples 

PF 3 , CH 3 C1, CH 3 CCH),t 


a = 3, 

1 

"-3 


1 + 


(21 + 1) 2 J 


for K divisible by 3. in 

V / 

eluding K = 0; 


{)! = 


1 - 


1 


3 L (2/ + 1) 2 J 


(2.39) 


for K not divisible by 3 


For molecules with two sets of three identical “off-axis” nuclei, with 
spins /1 and / 2 (C 3 symmetry; example, CH 3 CF 3 ), 


cr = 3, 
1 

(Jl ~ 3 


1 

gi ~ 3 


1 + 


1 - 


(2 I x + l) 2 (2/ 2 + 1) 2 J 


1 


(2/, + 1)“ (2/ 2 + 1) 2 J 


for K divisible by 3, 
including K = 0; 

for K not divisible by 3 


(2.40) 


The K values to which the m values apply are for the ground vibrational 
state. Excited vibrational state assignments are given in Sec. 4.5. 

The rotational spectrum of a symmetric-top molecule, if hyperfine 
structure and centrifugal distortions are neglected, is exactly like that 
of a linear molecule, i.e., it consists of a series of equally spaced lines 
originating at a frequency of 2 B and progressing to higher frequencies 
with separations of 2 B. See Fig. 2.0 for a comparison with the spectrum 
of an asymmetric rotor. Furthermore, one of the effects of centrifugal 
distortion (second term on the right in Eq. 2.30) is to make the series 
converge slightly with increasing frequency just as for linear molecules. 
Since there are J + 1 values of A' 2 for each./, the effect of the last term in 
Eq. 2.30 is to split every line of a given J into J + 1 closely spaced 
components which are frequently resolvable with a microwave spectro¬ 
graph. For increasing values of K, the lines in each group are progres¬ 
sively further apart. Figure 2.7 shows the J = 8 —> 9 rotational Tran¬ 
sition of CF 3 CCH in which the lines for K = 3 to K = 8 are completely 
resolved. Because of the selection rules for K, constants A and D K 
cannot be evaluated from the rotational spectrum. 

The rotational spectra of a large number of symmetric-top molecules 
have been investigated. These include related groups of B, C, Si, and 

t Here gi is the reduced value. See Art. 4.56. 




Fig. 2 . 6 . Illustration of the general pattern of the microwave rotational spectra of 
symmetric- and asymmetric-top molecules. Centrifugal distortion splitting of the 
symmetric rotor is neglected. [From D. K. Coles, Adv. in Elec. II, 299 (1950).] 



Fig. 2.7. Part of the J — 8 —> 9 rotational transition of CF 3 CCII showing lines for 
A = 3 to 8 . The lines of different K are separated bv centrifugal distortion. [From 
Anderson, Trambarulo, Sheridan, and Gordy, Phtys. Rev. 82, 58 (1951).] 
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Ge compounds, as well as compounds of N, P, As, and 8b. The infor¬ 
mation obtained is summarized in the various tables and is discussed in 
part in Chapters 6, 7, and 8. 

Excited vibrational states. For a vibrating symmetric-top rotor, the 
spectroscopic constants A and B in Eq. 2.34 depend upon the vibrational 
state of the molecule as given by the expressions 


and 



(2.41) 

(2.42) 


where a A and a/ 3 are constants which are small in comparison with 
A and B. Quantum numbers i\ designate the vibrational state of the 
molecule, and di is the degeneracy of the zth mode of vibration. The 
summation runs over all modes of vibration with degenerate modes 
counted only once. A non-linear molecule containing n atoms has 
3 n — 6 normal modes of vibration. Phosphorus trifluoride, for example 
has six normal modes of vibration, two pairs of which are degenerate, 
making four fundamental frequencies and four values of a A and of a/ 3 
in Eqs. 2.41 and 2.42. Because the selection rules do not allow quantum 
number IC to change for a symmetric top, A [v] and A e cannot be evalu¬ 
ated from pure rotational spectra. 

The constant B[ 0 ] for the ground vibrational state is given by 



(2.43) 


T° ^d B e and the af’s, it is necessary to know B [0] and at least as many 

values of B [v] as there are different normal modes of vibration with each 

mode excited at least once. Because of the low population of high-energy 

vibrational levels at ordinary temperatures, it is difficult to obtain all the 
<Ps and hence B e . 

A degenerate bending vibration which is singly excited contributes 
angular momentum components which couple with the angular mo¬ 
mentum resulting from rotations of the molecule and gives rise to an 
interesting rotational spectrum. To explain the presence of four lines 
in the J = 1 -► 2 transition of CH 3 XC and three lines (four lines with 
two unresolved) in the same transition of CH 3 CN in the degenerate 
bending state for which v 8 = l, H. II. Nielsen developed a^general 
theory of /-type doubling in symmetric tops.** This theory has been 
applied successfully to interpret the rotational spectra of both CH 3 OCII 
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* n ^ ^rational s ^te for which y 10 (C—C=C bending) = 

According to Nielsen’s theory, the rotational energy of a symmetric 
top in a singly excited degenerate bending state is given by the formula «« 

Ejk = h[B[ v] J(J + 1) + (A [v j — B [v ])K 2 — 2A[ V ]KlS 

- DjJ 2 (J + l) 2 _ D jk J(J + l )K 2 - D k K 4 

+ 2 {(2 Dj + D jk )J{J + 1) + (2 D k +D jk )K 2 )KIZ 


where 

P = ±^J(J + l)g 

for K = l = dt J, and 


+ P(J,K,l) ], (2.44) 

(2.45) 


P = d= 


{J(J + 1) - K(K =F 1) j {J(J + 1) - (AT i)(K 


2)1 


8(AT l)[(i - f)4 M _ B[v] } 


(2.46) 


foi K l ±1, and P small as compared with Ejk; the upper signs of 
Eq. 2.46 being taken when A and l have the same sign, the lower sign 
when A and l are of different signs. In addition to quantities already 
defined, l£h/ 2 ir is the angular momentum resulting from the excited 
degenerate vibration, with 0 < | f | < 1, q j s of the order 2B e 2 /u, and 

" 1S the fundamental frequency for the degenerate vibration excited. 
Selection rules resulting in a rotational spectrum are 


EJ — +1 A K = 0 Al = 0, 
and the frequencies of rotational transitions are 


(2.47) 


p = 2 B [v] (J + 1) - 4 Dj(J + l) 3 - 2D jk (J + 1)A' 2 

+ 4 ( 2 Dj + Djk)(J + 1)A/f + A P (J , A, l ), ( 2 . 48 ) 

where 

AP = ±q(J + ]) (2.49) 

for K = / = zb 1, and 


{J + l)f(/+ l ) 2 - (AT l) 2 } 2 

4(ATi) {(1 -b m \ T 


(2.50) 


for K l — zbl. Upper signs are taken when K and l have the same 
sign, and the lower signs hold when K and l have different signs. The 
spectrum consists of two widely spaced lines corresponding to K = 
l = d=l and separated by 2 q(J + 1). Approximately midway between 
these two lines lie 2 J lines, closely but somewhat irregularly spaced. 
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Figure 2.8 shows diagrammatically the J = 1 —> 2 and J = 2 —► 3 
transitions of CH 3 CCH in the excited bending state for which p 10 = 1 . 
Although the form of Eq. 2.48 fits the data lor the examples cited, 
abnormally large f values, 1.1 for CH 3 CCH and 1.5 for CF 3 CCH, must 
be assumed, but theoretically | f | < 1 . 

It has been shown by Mizushima and Venkateswarlu 416 that rota¬ 
tional transitions not possible in the ground vibrational state become 


\ 

\ 

\ 

\ 


K ± 1 
* 10 * 1 


I I 
/ I 
/ I 
/ I 


±1 0 
±1 ±1 


J = 1 



\ 

\ 

V 

\ 


±1 

±1 


\ 

\ 

\ 


K ±1 



±2 ±1 0 ±2 

±1 ±1 ±1 ±1 


<7=2-3 



•i«. 2.8. J = 1 —> 2 and 2 —*-3, i^i 0 = 1 rotational transitions of CH 3 CCII (lower 
patterns of each set). Outer lines of each spectrum are separated by 2 q(J -f- 1 ). 
the upper patterns show the spectrum which would result if the distortion term, 
4 (2+ Djk)(J + 1 )Ki'l, were not present. (From Trambarulo and Gordy. 40 ) 


possible in some excited states of molecules of certain symmetries. The 

lines are expected to be weak, however, and no such absorption has yet 

been detected. Nevertheless, the possibility of the study of non-polar 

molecules with microwave spectroscopy is attractive, and it seems likely 

that with the sensitive spectrographs now available such spectra will be 
observed in the future. 

Torsional oscillations and restricted internal rotations. Symmetric-top 
molecules which have two axially symmetric groups, for example 
( H 3 S 1 H 3 or OH 3 CF 3 , have the possibility of either a low-frequency 
torsional oscillation or a restricted internal rotation of one of the groups 
with respect to the other. Restricted internal rotation in this type of 
molecule cannot be detected directly as an absorption spectrum be- 
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cause the motion carries with it no change in the dipole moment. Never¬ 
theless it can be detected indirectly through its effects on I b . It was 
pointed out by Minden, Mays, and Dailey « that the effects on I b of a 
torsional oscillation could arise from a change in the interaction of the 
symmetrical groups as the atoms deviate from their equilibrium posi¬ 
tions. In addition, effects of centrifugal distortion resulting from the 
internal rotation could change I b , just as does the normal rotation of the 
symmetric top about the figure axis. In most cases that have been 
studied so far, the barrier restricting rotation has been so high that the 
effects of torsional oscillation have been observed rather than relatively 
free rotation, although evidence for restricted internal rotation in 
CH 3 SiH 3 has been found by Lide and Coles. 43 

The theory of torsional oscillation has been worked out by H. H. 

Nielsen 44 and by Koehler and Dennison. 45 The potential-energy 
function usually assumed is of the form 




(1 — COS 71(f)), 


(2.51) 


where V 0 is the height of the barrier opposing rotation, n is the number 
of barriers for one complete cycle, and <*> is the relative angle of rotation 
of the two groups. With this type of potential, the barrier height, V 0 , 
in terms of the fundamental torsional oscillation frequency, w*, is 



CO * 2 A 

n 2 AiA 2 


(2.52) 


where A is the rotational constant associated with the total moment of 
inertia about the symmetry axis (A = h/Sw 2 I a ), and A x and A 2 are 
the corresponding constants for the two separate parts. When the 
barrier height is low, the corresponding co ( is low and hence difficult to 
measure in the infrared region. By measuring the intensities of the 
rotational lines for the excited torsional oscillation relative to that of 


Table 2.1. Torsional frequencies and barrier heights of some symmetric 

tops having hindered internal rotation 



c Ot 

Vo 


Molecule 

(cm -1 ) 

(cm l ) 

Ref. 

CH 3 CF 3 

230 

1200 

46 

CH 3 SiH 3 

183 

460 f 

43 

CH 3 SiF 3 

140 

410 

42, 47 

CF 3 SF 6 

93.5 

219 

466 


f Calculated using the double parabola potential of Blade and Kimball, 
J. Chem. Phys. 18, 630 (1950). 
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the ground vibration state, one can obtain from the Boltzmann distri¬ 
bution of energies an approximate value for and hence can calculate 

.0 ^ rom ^.52. By this method the barrier heights for the molecules 
given in Table 2.1 have been obtained from microwave spectroscopy. 

F t (cm -1 ) 




108 microwave spectra of gases 

A splitting of the torsional oscillation levels into sub-levels results 
rom the atoms “tunneling through” the barriers. This Iphtting L 
aigei the higher the vibrational level is, as the “tunneling frequency” 
en greater. The effect is very similar to that which gives rire to the 
MI 3 inversion spectrum, except that there are, in general more than 
two sub-levels of the torsional levels because there is moreThan one 
bai i ier. Evidence for these sub-levels has been found in CH 3 SiH 3 by 
L de and Coles - and in C H 3 SiF 3 by Sheridan and CordyT As the 


(a) 


n 

• ■> 

* 


rv. 

II 

• ^ 



C 12 H 3 Si 28 H 3 

CNJ CO 

ID yO 

ro ^ 

II II 

II II 

•** 

II II 

v=l 

1 

u=3 

v = 2 


u = 0 


21,700 


21,800 



21,900 Me 


(b) 


C 12 H 3 Si 28 D 3 


v = 3 


v = 2 


19,000 


19,100 


u = 0 


i> = l 



19,200 Me 


Fl °- 10 - Microwave spectrum (J = 0 1 transition), showing evidence for tor- 

smnal osc.llatron and restricted internal rotation in methyl silane. (From Lide and 

Coles. 43 ) 


torsional vibrational levels approach the top of the barrier the splitting 
gets wider and goes over into restricted internal rotational levels after 
the barrier is transcended. This is illustrated by Fig. 2.9 for C 2 H 6 
which is reproduced from Herzbergand by the microwave data on 
CH 3 SiH 3 and CH 3 SiD 3 by Lide and Coles in Fig. 2.10. Such molecules 
as CH 3 C =C CF 3 , not yet investigated, should prove of interest 
because internal rotation in them is probably less hindered than in the 
ones discussed here. 

2.2c?. Asymmetric-Top Molecules. The rigid asymmetric rotor 
{la ^ Ib ^ I c ) has now been treated by a number of scholars. For 
iefeiences to the various treatments and for a summary of the theoretical 
methods employed the reader should consult the review by Nielsen. 49 

) more involved than are those for 
linear and symmetric-top molecules. They can be expressed in closed 
iorm for low-,/ values only. Except for specialized types of molecules, 
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the solutions obtained apply only to J up to 12 for the rigid rotor “ and 
to J up to 6 when centrifugal effects are included. 49 These solutions are 
given in the form of algebraic equations which increase in degree as J 
increases. Hence, it is possible to obtain from them explicit expressions 
for the levels for certain low-J values only. These expressions are, never¬ 
theless, very useful to the microwave spectroscopist because in many 
cases one or more of the low-J transitions fall in the microwave region. 
From them alone a determination of the structure and the dipole moment 
of very many molecules is possible. .Also, the large centrifugal distor¬ 
tion effects, which are in general very difficult to determine for (he higher 
values, can usually be calculated or neglected for the low-J transitions. 

Ener gy levels. There are 2J + 1 sub-levels for each J of an asym¬ 
metric top. These are labeled J T where r takes on the 2J + 1 values — 

^ — T — or alternately J K l Kl . See discussion below. The sub-levels 
are numbered in order of increasing energy, the lowest level being J_ Jt 
the next J_j +1 , and so on to the highest level J +J . 

An insight into the general behavior of the characteristic rotational 
energies E r can be gained from a graph of the solutions for J = 0 ] 2 
and 3, plotted in Fig. 2.11 for the specific cases 

(a) 

Q>) 

(c) 

"'here k is an asymmetry parameter defined by Eq. 2.55. It is seen that 

cases a and c correspond to the limiting oblate and prolate symmetric 

tops. Case b corresponds to k = 0, which is conventionally referred to 
as the “most asymmetric top.” 

fn Fig. 2.11, the energy levels for the three cases plotted are connected 
together in such a manner that the lowest sub-levels in each J group are 
connected, and immediately above them the next lowest levels are 
connected, and so on in order to the highest levels. Consequently 
as k is continuously varied from -1 to +1 the energy levels maintain 
their ordered sequence; there is no crossing of sub-levels for a given J. 

‘ 0me of t,le sub-levels of one J group may cross sub-levels of another J 
Krou P, however, as is the case in this example for the lower J = 3 an( ] 
upper J = 2 sub-levels near the prolate rotor limit.) The non-crossing 
ot J sub-levels is a general phenomenon, extending to all values of J. 

>e straight lines drawn are approximations to the real E r for inter¬ 
mediate values of k. There must be 2J + 1 of these non-intersecting 
lines, two from each symmetric-top level where K ^ 0. 


A = 3 

^3 

II 

CO 

C = 1 

(«= +1) 

A = 3 

II 

to 

C = 1 

0 = 0) 

A = 3 

B = 1 

C = 1 

0 = -i), 
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Fig. 2.11. Correlation of energy levels of an asymmetric rotor with those of the 

limiting symmetric tops. 
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It is to be noted that a given asymmetric-top level is connected to one 
oWate Dg Sri f n Vd : ,1 r° ted by K ~ l} ’ 3nd ’ in general - t0 a different 

that the sub-levels can be identified in terms of these limiting K values 
as subscripts, in the order listed. As an example, the 3_, level can also 
ie written 3i, 2 . It may further be shown that in general 


t = K_ i - Kj. 


(2.53) 


Ihe purpose in introducing this alternative nomenclature, proposed by 
ing, Hamer, and Cross, 51 will become more apparent after consideration 
of the symmetry properties of the different sub-levels, and the resulting 
selection rules for dipole radiation. As this book goes to press, the altei- 

I able 2.2. Asymmetric-top energy levels 

(°) ExaCt solutlons for E r which are roots of linear or quadratic secular equations 

J K -\- K < Energy, E r 

Ooo 0 


1 10 
hi 
101 


A + B 
A + C 

n + c 



2A + 2B + 2 C + 2 \/(Ii - C)* + {A - C)(3 -77) 
4/1 + B + C 

A + 4B + C 

A + B + 4C 

2A + 2B + 2 C - 2 VW~ U)* + (A - C)(A - B) 

5.4 + 5B + 2C + 2V 4(.4 - B) 2 + (A - qUT^C) 

5 A + 2 B + 5C + 2\/4(.4 - C) 2 - (.4 - B)(B - C) 

43 + 4B + 4C + 2x/4(,i ~ 0)2 + {A ~WaT^~C) 

53 + 5B + 2C - 2 V4(A - B) 1 + (3 - C)(B ~7 r ) 

53 + 2B + 5C - 2 V / 4(3 - C) 2 - (.4 - B)(B - C) 

2A + 5B + 5C- 2V\(B — C) 2 + (3 — B)(A -~( r ) 

103 + 5B + 5C+ 2V 4 (B - C) 2 + 9(3 - C)73^7b) 
53 + 10/i + 5C + 2\/4(.4 - C) 2 - 9(3 - B)(B - C) 

53 + oB + 10C + 2y / RA - By + 9( 3 - C)(iT^C) 

103 + 5 B +5 C - 2 \/i(B - C) 2 + 9(A - C)(A~^B) 
53 + 10B + 5C - 2V-HA - C) 2 - 9(3 - B)(B ~(7 

53 + 5 B + 10C - 2V4(3 - By + 9(3 - OiB^^C) 

103 + 10B + 10C + 6 V{B - C) 2 + (3 - B)(A~^~C) 
103 + 10B + 10C - 0 V(B - cy +U~ =r WA^C r ) 
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Table 2.2. Asymmetric-top energy levels ( Continued) 

(b) Exact solutions for E(k) which are roots of cubic secular equations (from 

Hainer, Cross, and King, reference 56) 

E (k) = x — p(k) 

x = =F(8/3)a(*) * cos [(0/3) + 120° n] 
cos 0 = | 6(k) |a(/c)~^ 

The upper sign is used in the equation for x if 6(k) is negative, the lower if it is 
positive. Three roots are obtained for n = 0, 1, and 2. The levels are identified 
by the indices iv_i and K i which are obtained in two steps. Their parity is 
defined by the submatrix giving the secular equations, and is given in column 2. 
The numerical assignment is made by noting that the three roots of any one 
secular equation can be arranged in magnitude in the same order as their K-i 
values, which are all different. 


J K-iKi 

4 ee 

5 oo 

5 oe 
eo 

6 oo 

6 oe 
eo 

7 ee 


&(*) a(#c) 

35k(k 2 - 9) 13(k 2 + 3) 

—5k(7k 2 - 135) 13k 2 + 99 

—5(16k 3 db 9 k 2 - 108k ± 27) 2(14k 2 =F 15k + 27) 

ditto, lower sign 

k(143k 2 - 783) 7(7k 2 + 9) 

80k 3 =F 63k 2 - 972k =f 189 14(2k 2 =f 3k + 9) 

ditto, lower sign 

143k(k 2 - 9) 49(k 2 + 3) 


pW 

- 20k/3 

- 20k/3 
-(35k ± 15)/3 

—56k/3 

-(35k qF 21)/3, 

- 56k/3 


native and simpler labeling J a% c for has been recommended by 

Mulliken.f 

Mention has been made of the fact that for certain low-/ values the 
solutions for the energies of an asymmetric rotor can be expressed in 
closed form. Specific formulas for the energies of these levels in terms of 
A ) B ) and C are given in Table 2.2(a). The levels are designated accord¬ 
ing to the King-Hainer-Cross notation J K _ u Kl as explained above. These 
formulas, like the numerical solutions mentioned below, are for the rigid 
rotor. A discussion of centrifugal distortion is given under a separate 
heading. 

King, Hainer, and Cross, following Ray, 52 express the characteristic 
energies Ej t in the form 

(A + C) {A — C) 

Ejr =--- J(J + 1) + --- E t \k). (2.54) 

2 2 


This form is very useful in tabulating numerical values since, as shown 
by Ray, E T J (k) = —E— t j (—k), and hence values for only one sign of k 

f Private communication. 
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need to be tabulated, 
defined as 


In this expression k is Ray’s asymmetric parameter 



(2.55) 


and E(k) is termed the reduced energy. Values for E(k) are tabulated 
by King, Hainer, and Cross 6I - 63 for k values differing by 0.1 and for J 
values up to 12. Although the k intervals are in general too large to 
allow full use of the accuracy of microwave measurements, the tables are 
extremely useful in the identification of transitions and in many instances 
can be interpolated to obtain useful accuracy. Exact solutions for E(k) 
of a few levels are given in Table 2.2(5). 

The energy levels of asymmetric-top molecules near the prolate 
( K = ~ 1) and oblate (k = +1) symmetric rotor limits may be calculated 
by treating the asymmetry as a small perturbation of the appropriate 
prolate or oblate symmetric rotor wave functions. King, Ilainer, and 
Cross 51 have derived expressions for the energy levels in a power series 
in the asymmetry parameter <5 where 


t _ k + 1 B - C 
~ 2 “ A — C 


(2.56) 


Also, for planar molecules, <5 = B 2 /A 2 . The expansion is directly 
applicable to almost-prolate rotors for which <5 — 0. The prolate rotor 
limit is most obviously treated by this approach, but the oblate limit 51 
is also covered since 


E t j (k) = -E_Z(-/c) or E{8) = -E( 1 - 5). (2.57) 

The values of E(k), expanded in terms of 8 rather than k, are 

E(k) = E(8) = X 0 + 8\ { -j- 6 2 X 2 + 6 3 X 3 H-. (2.58) 

The coefficients X are tabulated by King, Hainer, and Cross. 61 - 53 The 
limiting case approaching the most asymmetric top (* « ()) has also been 
solved by King, Hainer, and Cross 51 - 53 by expanding E(k) in a power 
series in k similar to Eq. 2.58. 

In the limit of a symmetric top, for high K, the classical motion of the 
top is a good first approximation to the quantum mechanical picture, 
so that the problem can be solved by the correspondence principle! 
Correspondence-principle solutions have been treated by Wang, 54 
King, 55 and Ilainer, Cross, and King. 56 King gives tables of the elliptic 
integral of the third kind that can be used for more asymmetric cases 

Hainer, Cross, and King give numerical tables. They also compare the 
various approaches to the high-J case. 
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Many transitions of heavy asymmetric-top molecules are observable 
m the microwave region essentially because of K splitting. For these, the 
correspondence-principle approach is unsatisfactory. Fortunately,' the 
limit of low K, high J , is also amenable to a perturbation treatment. 
Golden 57 has shown that the asymmetric-top solutions can be correlated 
with tabulated solutions of Mathieu’s equation, providing J is large 
and the K of the appropriate limiting symmetric rotor is small. Accurate 
solutions require corrections for centrifugal distortion, which can amount 
to hundreds of megacycles. Golden has also treated the general high-/, 
low-* centrifugal distortion case. 57 The main effect is to distort the 
angles in the molecule, hence causing the parameter of asymmetry to 
vary with rotational level. 

The terminology involved in expressing the solution of Mathieu’s 

equation in a form satisfactory for both prolate and oblate symmetric-top 

limits necessitates reference to the original papers. A first approximation 

to the solution by the expansion of Mathieu’s equation, expressed in a 

form appropriate near the limit of the prolate rotor and specialized to 
Q-branch transitions (A J = 0), is 


A — C 

"W = —— ( 2 ~ 5 )[“(0) ~ «'(*)], 


where v{6) is the spectral line frequency, 



J (J + 1) 8 

2 2 - d' 


(2.59) 



and a($), ol(0) are the appropriate solutions of Mathieu’s equation. 
In Ince’s notation, 58 these solutions are labeled a 0y b u a u b 2) a 2 , b 3 , 
a 3 • • • and are to be identified with K_ x = 0, 1, 1, 2, 2, 3, 3 • • •. The 
importance of this method of solution may be judged from the fact that 
it has yielded the first microwave solutions of such molecules as formal¬ 
dehyde 59 and SO 2, 60 and subsequent low-*/ solutions essentially served 
as confirmations of the high-,/ solutions. 

Centrifugal distortion. Although the problem of centrifugal distortion 
is much more difficult in asymmetric rotors than in symmetric tops or in 
linear molecules, these distortion effects upon the microwave spectra of 
asymmetric rotors can be rather large, especially when any of the 
moments of inertia of the molecules are very small. For example, in the 
12 6 , 7 —> 12 g , g transition 61 at 28,842.84 Me of HDS, an extremely 
light asymmetric rotor, the correction for centrifugal distortion amounts 
to 1008.25 Me. This is a rather exceptional case, however; the correction 
amounts to only about 100 Me for very low-*/ transitions of this molecule. 
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Wilson and Howard, 62 Nielsen, 49,63 and others have developed theory 
which allows centrifugal distortion constants of asymmetric rotors to be 
evaluated. Nielsen gives explicit but rather cumbersome expressions 
for calculation of the distortion constants from the vibrational fre¬ 
quencies and the structural parameters. 

For slightly asymmetric tops (k ~ ±1) the centrifugal terms can be 
closely approximated by comparison with the limiting symmetric-top 
case. The frequencies of A J = +1 transitions (/? branch) for which 
*^ v — i = 0 or A K\ = 0 are hence given approximately by 

* = W + D (^-^) + (yT^) [eJ+X{k) ~ eJ(k)1 


-4 Dj(j + l) 3 - 2 D jk (J + 1)A’ 2 , (2.61) 

where K represents K_ x for a A/v_j = 0 transition of a nearly prolate 
top and K = K x for a AK X = 0 transition of a nearly oblate (op. Com¬ 
pare with Eq. 2.30 for a symmetric top. 

IIillger and Strandberg 61 have developed a perturbation method of 
calculating centrifugal distortion corrections for A./ = 0 transitions 
(Q branch) which involve a dipole moment either wholly along the axis 
ol least moment of inertia (A/v_! = 0) or along the axis of greatest 
moment of inertia (A K x = 0). The method applies to any value of k. 
I he frequency of such a transition is given by 


V = A E j (k) ' 


A - C 2KJ(J + 1 )8j 

2 + Tl 


+ 

+ 

+ 


IK -1)JV+1)Dj K 2 
G — F 3 


D 


K 


LG Y - F 


10 R q (G - F) 
// 2 

G4 R 6 (G - F) 


4/>a- 


(G - F). 


for K even 


for K odd and >3 



2 1J 


(G - F) J 


for K odd 


(2.62; 


In 2.02 AA’ ,/ (k) is the difference between the reduced energy levels; 
I)jk, Dk } <>j , and R G are centrifugal distortion constants ; | 

t <>ur notation (lifters from that of Hillger and Strandberg in that, our distortion 

constants have the units of A and C, but those of Ilillger and Strandberg are dimen¬ 
sionless. 
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and K has the same meaning as in Eq. 2.61. The quantities (G — F ) and 

H have the following values: for a A K_ { = 0 transition, (G - F) = 

~ l A z(* ~ 3) and H = —}/^(k + 1); for a A Ki = 0 transition, ((? — F) = 

~} / 2 ( K ~t“ 3) and H = 31)* Equation 2.62 holds only in the region 
for which 


I1 2 [J(J + 1) - (K - 1)( K - 2)][/(/ + 1) - K(K - 1)] _ 

64(G - F) 2 (K - l) 2 <<C 1 


(2.63) 


Even for a rather asymmetric molecule such as HDS (k « -0.5) for 
which the above theory was primarily developed by Hillger and Strand- 
berg, the above condition holds for all the transitions observed in the 
microwave region ranging from low-/, low -K to high-/, high-if tran¬ 
sitions except for the 1 1 . i —> 1 1 . o transition which, nevertheless, appears 
to fit the theory as well as the other lines. 

A fitting of the above equations to a spectrum allows the empirical 
determination of the distortion constants if a sufficient number of 
transitions lie in the microwave region. Since the observable spectra of 
asymmetric tops vary greatly from one molecule to another, no general 
rules can be stated for the process of fitting the equations to the spectra. 
See, however, references 61, 64, and 66. Only for a few asymmetric-top 
molecules—formaldehyde, 69 ’ 64 hydrogen deuterium sulfide, 61 partially 
deuterated ammonias, 65 and ketene 66 —have centrifugal distortions been 
taken into account. For formaldehyde, Bragg and Sharbaugh 59 cor¬ 
rected for these effects by a method of Golden, 67 applicable for high-/ 
transitions near the correspondence-principle limit. Their results were 
found to be in good agreement with those of Lawrance and Strandberg, 64 
who used essentially the method given above. 

In the case of HDS, distortion constants determined from the micro- 
wave rotational lines have been compared with those calculated from 
vibrational spectra with the theoretical expressions given by Nielsen. 68 
Rather good agreement was obtained. 

Selection rules and line strengths. The selection rule (see Sec. 4.4) 



(2.64) 


applies to asymmetric rotors. Since sub-levels of different /'s sometimes 
cross in asymmetric rotors, all three changes in / may be observable 
in absorption spectra. In band-spectra notation, A/ = 0, -f 1, and — 1 
correspond to Q, R, and P branches, respectively. 

Further restrictions are imposed by the symmetry properties of the 
momental ellipsoid. The momental ellipsoid is unchanged by a rotation 
of 7r about any of the principal axes; thus the probability density \p~ is 
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similarly unchanged. The wave function \p itself, however, can either 
remain unchanged (even = e) or change signs (odd = o). Since a 
rotation of tt about any two of the axes in succession is equivalent to a 
rotation about the third, \p must either be odd with respect to two axes 
and even with respect to the third (type B), or even with respect to all 
three axes (type A).f There are, thus, four different species of functions. 
The B wave functions are further subdivided by subscripts denoting the 
axis with respect to which they are even. A B b wave function is un¬ 
changed in sign by a tt rotation about axis b, and changed in sign by a 
tt rotation about a and about c. In the King-Hainer-Cross formulation 
the parity is described with respect to the a and c axes in that order. 


With this convention, B b is oo: B a is eo: B c is oc: A is ce. In the JV . k 

notation of King, Hainer, and Cross, 51 the parity of the J subscripts J 

indicates the parity of the levels, i.e., J^ t2 is oc, and hence a J 32 level is 

symmetric with respect to a tt rotation about the c axis and anti-sym- 

%/ 

metric with respect to such a rotation about the a or b axis. The svm- 

» 

metry with respect to b, not indicated explicitly, is obtained by adding 
K-i and K j. If the sum is an odd integer, the wave function is odd 
with respect to a tt rotation about b\ if an even integer, it is even. 

Dennison, 355 who first derived the symmetry selection rules for an 
asymmetric rotor, designated the parity of the rotational wave functions 
as + or — with respect to a rotation of tt degrees about a principal 
axis. lie designated the four different species as + + , —f-, q — f and 

-. Unfortunately, Dennison 355 and King, Plainer, and Cross 51 did 

not indicate the rotational operations in the same order. In Dennison’s 
notation the operation with respect to the c axis is indicated by the first 
sign and the operation with respect to the a axis by the second. Hence, 
confusingly, a H— parity is equivalent in the King-Plainer-Cross ter¬ 
minology to an oe and not to an eo, as the signs seem to indicate. We 
shall adopt the notation of King, Plainer, and Cross. 51 

Dennison 355 also showed that the lowest sub-level of a given ./ (the 
A -j level) is even with respect to a rotation of -n degrees about the a 
axis (C 2 a operation), that the next two higher ones are odd, the next two 
even, and so on. He showed further that the highest sub-level of a 
given J is even with respect to a rotation of tt degrees about the c axis 
(C 2 C operation), that the next two lower ones are odd, the next two even, 
and so on. These sequences can be deduced from a consideration of the 
Parities of the symmetric-top levels from which the asymmetric-top 
levels emerge. The energy of the sub-levels of a given J increase with 


f Mulliken’s notation. 1 * 

t An even subscript corresponds to an even function with respect to a tt rotation 
about the appropriate axis, and an odd subscript to an odd function. 
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K for the prolate top. Therefore, the K_i subscript is zero (parity 
e\ en) for the lowest sub-level of a given J, and the K\ subscript is zero 
(even parity) for the highest sub-level of a given J. It will be recalled 
that two asymmetric rotor levels emerge out of each non-zero value of 
K (K splitting). Hence, the next two levels above the lowest have 
K- 1 = 1 (odd parity), the two above these have K_ j = 2 (even parity), 
and so on. Furthermore, the two sub-levels immediately under the 
highest have K\ = 1 (odd parity), the next lowest K x = 2 (even parity), 
and so on. These properties will be obvious from a consideration of 
Fig. 2.11. Note that the K sub-levels of the oblate top are inverted 
with respect to those of the prolate top. 

For the probability of an induced transition between two states 
Jk-i,k x and J' K >_ Xt K\ not to be zero, the dipole matrix elements 

I 1 k'i) must not all vanish. (See Sec. 4.4.) But an in¬ 

tegral of this form, if real and finite, must have the same value for all 
operations which change the system into an indistinguishable one; it 
cannot change signs for a rotation of t degrees about any one of the 
principal axes. Hence, if real, it must have an even number of odd 
symmetries with respect to the operations C 2 a , C 2 , and C 2 . Now the 
dipole moment components have B symmetries with respect to these 
operations. For a rotation of tt degrees about a, F„ does not change, 
but it changes in sign for a rotation about b or c. It therefore has B a , 
or eo symmetry. Similarly, F&, which does not change for the C 2 b oper¬ 
ation but changes in sign for the C 2 a or C 2 operations, has B b , or oo, 
symmetry. For similar reasons, F r has B c , or oe, symmetry. Consider¬ 
ing the symmetry of F a , eo, it is apparent that for (J k . x ,k\ F a a",) 

to have an even number of odd symmetries, and K'-i must both 
be even or both be odd. (Hence, A K_ x = 0, =b2 • • •.) Also, either K\ 
or K'i must be odd but not both odd. (Hence, A/\, = =bl, =b3 • • •.) 
Considering the symmetries of P-/, and F c , the other symmetry selection 


rules listed in Table 2.3 are similarly proved. Note that t lie permitted 


Table 2.3. Selection rules for K^i and K\ f, J 


Dipole 

Component 

Fa 

F, 


A/v'_i 

0 , ±2 •• 
i 1, =t 3 
dhl, ±3 


AA'i 
=b 1, =ir3 

1 , ±3 
0 , ±2 ■ ■ 


f Note that changes in (K-i + K i) are limited by the selection rules in 
Table 2.4. 

t In general, transitions, for which A/v_i or AK i is large have very low in¬ 
tensities. 
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transitions corresponding to any one dipole component are forbidden for 
the two remaining components. 

Stated in the King-Hainer-Cross notation, the allowed parity changes 
corresponding to the different dipole moment components are: 


Dipole Component 

Pa 

(Component along axis of least 
moment of inertia) 

Pa 

(Component along axis of inter¬ 
mediate moment of inertia) 

Pv 

(Component along axis of greatest 
moment of inertia) 


Permitted 

Transitions 

jee <-» eo 
I oe *-> oo 


ee <—> oo 
oe «-» eo 


I ee oe 
} eo <—> oo 


If the dipole moment lies entirely along one of the principal axes, it will 
have no components along the other two axes, and hence only the 
transitions corresponding to the non-zero component will be allowed. 
For example, if ^ 0, but n b = 0 and = 0, the only parity changes 
allowed are ee <-> eo and oe <-> oo. If none of the dipole components 
is zero, all the changes listed above are allowed. The only combina¬ 
tions then forbidden are those which have the same symmetry, i.e., 


ee <- -» ee 


eo eo 


oe <- -> oe 


oo <- 


-> 00 . 


The expression of the symmetry selection rules in terms of the Dennison 
or the Mulliken notation will be obvious. 

The symmetry selection rules have a particularly important conse¬ 
quence for Q-branch (AT = 0) transitions. If the dipole moment is 
along the axis of the intermediate moment of inertia, the b axis no 
transitions are permitted between adjacent energy levels, whereas if 
t he moment is along t he a or the c axis, transitions are permitted between 
alternate pairs of adjacent levels. The magnitudes of the inertial con¬ 
stants are such that, in the former case, only a few low-,/ Q-branch 
transitions are observable in the microwave region, whereas, in the latter 
cases, both high- and low-./ transitions are possible. Thus the general 

composition of the microwave spectrum depends strongly on the di- 
rod ion of t he dipolo moment. 

In addition to the symmetry rules just stated, there is a relation 
between A'_, anti AT, arising from the manner in which these subscripts 
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are chosen. See Fig. 2.11. The usual way of stating this relation is as 
follows: 70 The sum of K_ x and K x for any sub-level is equal to J for levels 
for which J + r is even, and to J + 1 for levels for which / + r is odd. 
This consideration, which may be easily verified by examining Fig. 2.11, 
leads to a limitation on the possible values of A(K_! + K{) given in 
Table 2.4. It is to be noted that the sum rule is automatically satisfied 

Table 2.4. Allowed changes in (K—\ -f K{) 

/ + r P (AJ = — 1) Q(AJ = 0) R (AJ = 1) 

Even -1,0 0,1 1,2 

Odd -1,-2 0,-1 1,0 


in the labeling of the levels, so that the usefulness of the rule consists in 
predicting possible final levels from a known initial level. 

The total (coordinate) wave function of an asymmetric-top molecule, 
like that for a linear or a symmetric-top molecule, can be even or odd 
with respect to inversion, i.e., a reflection of all its particles at the origin. 
Only even and odd levels with this classification can combine. Except 
for levels of planar molecules in which the “inversion” can be accom¬ 


plished by rotation, each rotational level is actually double (inversion 
doubling); one component is even, and the other, odd. The selection 
rule based on this classification, i.e., that only levels of unlike parit} r can 
combine (e <-> o, e <--> e f o <-)-> o), is not as useful as rules based on 
the symmetry properties of the momental ellipsoid. 


The total eigenfunction can also be symmetric or antisymmetric with 
respect to an exchange of two identical nuclei. This follows from the 
fact that such an exchange does not affect the probability density i/' 2 . 
With this classification, only levels of like parity combine (symmetric <—> 
symmetric, antisymmetric <-> antisymmetric). This classification, how¬ 
ever, is of significance only for symmetric molecules in which exchange 
of the two identical nuclei can be accomplished by a rotation of the 
molecule about one of the principal axes. See Sec. 4.5. 

In general, the transitions involving large AK values are extremely 
weak. Those which correspond to the permitted transitions in the limit¬ 
ing symmetric top AK = 0, ztl (for the dipole parallel and perpendicular 
to the symmetry axis) are the most significant, i.e., AK _ 2 = 0, ±1 and 
AKi = 0, =bl. If an asymmetric rotor is near the prolate symmetric 
type (k ~ —1), transitions involving AK_ X = 0, =fcl (or AK_ X = 0 if 
the dipole lies wholly along the a axis) will be the only important ones, 
but those corresponding to larger changes in K Y might have significant 
intensities. If it is near the oblate case (k « 1), the transitions involving 
AKi = 0, dbl (or AKi = 0 if the dipole lies wholly along the c axis) 
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will be the only ones of significant strength, but transitions involving 
larger changes in K_ x might then be important. These qualitative 
intensity rules follow from the selection rules governing changes in K 
for the limiting symmetric top. Nearly prolate tops will be so far from 
the oblate extreme that the oblate-top selection rules (A/vj = 0 or ±1) 
will be violated to some extent. Likewise, for a nearly oblate top the 
selection rules for the prolate extreme (AK_ X = 0 or dtl) will fail to 
hold rigidly^. For the intermediate case (most asymmetric type) the 
intensities will be influenced strongly by the selection rules of both ex¬ 
tremes but will not be dominated by either. Hence, for strongly asym¬ 
metric types, lines for both AA r _i and A/v, of magnitude greater than 1 
might l)o observed, but lines corresponding to changes in either subscript 
by any amount greater than 1 will be weak. 

The peak absorption coefficient a of any asymmetric-top spectrum 
line is given approximately by 


T 5 '\Ap ) 1 


«Max = 3.85 X 10 


— 14 


F v a (ABC)' -g i e 


-Ejr/kT 


(2.65) 

where all the quantities except \ Jt T . r >, E Jt , and g r are defined as in Eq. 
2.28. The reduced nuclear weight gi is unity for molecules possessing 
no symmetry. Other cases are discussed in Sec. 4.5. Ej t is the rotational 
energy of the lower state involved in the transition. The quantity 

t-j’. T ' is the line strength tabulated by Cross, Ilainer, and King. 70 
These line strengths are tabulated for all permitted .f K , K . —» ./' K , 
transitions for which J < 12, excepting “high-order forbidden” branches 
for which | Ar | > 9. Values of A.,. r . j> t T > for /c = -1, -0.5, 0, +0.5, and 
+ 1 are listed. They are generally slowly changing functions of k for 
strong transitions (A K_ x = 0, ±1 and A K x = 0, =b 1). If the transition 
is forbidden for either or both symmetric rotor limits, however, the line 
strengths decrease rapidly near the forbidden limit. A further discussion 
of intensities is given in Chapter 4. 

Applications. Since the spectrum of an asymmetric top is, in general 
quite complicated (see Fig. 2.6.), all possible auxiliary information should 
be utilized in making an analysis. A major help is the Stark effect 
(Chapter 3). To extract maximum information from this type of data 
one must measure the frequency splittings and relative intensities of the 
Stark components to distinguish between Q- and P- or 7+branch tran¬ 
sitions. In general, a series of Q-branch transitions is most easily 
analyzed since these frequencies are functions of A — C and <5 (or k) only 
In a typical analysis, Cunningham, Boyd, Myers, Gwinn, and Le Van 71 
identified with the Stark effect the three following Q-branch transitions 
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(A/ = 0) for ethylene oxide: v = 24,924 Me, J = 2; v = 23,134 Me, 
J = 3; " = 23,610 Me, J = 3. Approximate magnitudes of the term 
values showed that the only possible J = 2 Q- branch transition was 
2 q2 — > 2 U . The two •/ = 3 transitions possible were 3 2 i —> 3 30 and 



I'ia. 2.12. Determination of k and ( A-C ) for C^T^O 16 , and demonstration of the 
basis of the assignment of the two known 3 -> 3 lines as 23,610 Me = 3i2 -> 3 2 i and 
23,134 Me = 3 2 i —> 330- (Cunningham, Boyd, Myers, Gwinn, and Le Van. 71 ) 

3 12 32i, but it was not known which should have the higher fre¬ 

quency. A simple solution was found by plotting values of k and 
A — C consistent with the observed frequencies for the known transi¬ 
tion 2 0 2 —» 2n, and for both possible identifications of the J = 3 
transitions (Fig. 2.12). The correct identifications gave curves inter¬ 
secting in a single point, thus determining k and A — C. As a check, 
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an identification of 4 2 2 —» 4 31 = 24,834 Me intersected the other curves 
in the same point. With approximate values for .4 — C and k thus 
established, an enlarged plot of the region of intersection yielded a more 
accurate value, and also revealed the presence of centrifugal distortions 
since the curves did not intersect at quite the same point. For practical 



Quantum number J 


I'ig. 2.13. The microwave absorption frequencies of HoCT-O as functions of J and 
A _i. The solid circles represent the presently known spectrum. (From Lawranee 

and Strandberg. 64 ) 


purposes, these distortions could be neglected, however. Once A — C 
and k were thus established, identification of any low-./, P, or R transi¬ 
tion yielded A + C and, hence, all the term values. 

The general properties of slightly asymmetric-top molecules can be 
illustrated by the example of formaldehyde (H 2 C 12 (>), a planar molecule 
investigated bv Bragg and Sharbaugh 59 and Lawranee and Strandberg. 64 
All the lines observed save the J = 0 —> 1 line correspond to AJ = () 
AA-__, = () (Q-branch) transitions which are not observed in perfectly 
symmetric-top molecules. Plots of these lines are given in Fig. 2.13. 
The J = 0 —» 1 line is a A./ = 1, A/v_j = 0 (R-branch) transition corre¬ 
sponding to the usual symmetric-top transition. Thus the introduction 
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of a slight asymmetry into the molecule has resulted in a major change 
in the microwave spectrum inasmuch as all but one of the observed 18 
lines would be missing for a perfect symmetric top. None the less, the 
asymmetry parameter S is very small (6 < 0.02). 

pr? 3 h 5 oi a 3 S 7 ymmetriC ' tOP the ° ry iS a PP licable t0 su ch molecules as 
RU Cl 2 and PH 2 D where deviations from the symmetric-top case 

arise from isotopic substitution. For the heavier isotopes, the A-splitting 
produced by such substitution gives rise to Q-branch transitions in the 
very long wavelength region which are unobservable by present tech¬ 
niques, although the splitting of fl-branch transitions yields structural 
information.” The replacement of hydrogen by deuterium, however, 
frequently brings these Q-branch transitions into the observable region.' 
This technique has been used by Loomis and Strandberg 73 to obtain a 
microwave confirmation of the spins of antimony isotopes and to obtain 
structural information on phosphine, arsine, and stibine. As the R- 
branch transitions (corresponding to the AJ = 1 symmetric-top tran¬ 
sitions) occur at the extreme high-frequency end of the present micro- 
wave range, this deliberate introduction of a slight asymmetry into the 
molecule greatly simplifies the study of these molecules. 

As indicated in the previous analysis, it is possible to subdivide the 
bioad category of asymmetric-top molecules into many smaller groups 
based on such factors as the degree of asymmetry, the direction of the 
dipole moment with respect to the inertial axes, and the magnitude of 
the moments of inert ia. These factors determine whether the observable 
transitions correspond to high J or low J; P- , Q- t or tf-h ranches. For 
this reason, the nature of the data obtainable for different molecules 
differs widely. Often the data are expressed most accurat ely as combi¬ 
nations of term values such as B + C, or A - C, etc. The nature of the 
centrifugal distortion corrections vary widely among the molecular 
types. In Table A A, an effort has been made to present the most 
significant data in a consistent manner despite the diversities of mo¬ 
lecular types. The quantities chosen are the term values A, B, and C, 
or, for almost symmetric tops, an appropriate average of B and C or 
-1 an d B. The asymmetry parameter k is listed as an alternative or 
supplementary description in some cases. It will be noted that many of 
t he molecules listed are planar, so that necessarily the dipole moment m 
lies in the plane of the molecule O c = 0). For these planar molecules, 
also, the sum of the I a and Ib equals I c , classically. Quantum mechani¬ 
cally, because of zero-point vibrations, this equality no longer holds, and 
the deviation A = I c — (I a + /*,) is known as the quantum defect. 74 
Where all three spectroscopic constants, A, B , and C, are known, A is 
easily calculated but is not tabulated. 
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Internal rotation. The possibilities for hindered internal rotation in 
complicated asymmetric-top molecules are numerous. To date, however, 
methyl alcohol is the only such molecule to be investigated extensively. 
The probability of hindered rotation of the OH group relative to the 
CIi 3 group in CH 3 OH had been well established b}' the theoretical 
analysis of Koehler and Dennison 45 as applied to the far-infrared spec¬ 
trum observed by Lawson and Randall. Koehler and Dennison treated 
CH 3 OH as a symmetric top, as discussed in Art. 2 . 2 c, with the exception 
that the rotating OH group has a dipole moment, so that the effects of 

the internal rotation are directly observable. 

%/ 


The complex microwave spectrum of methyl alcohol has been observed 
by Hershberger and Turkevitch , 75 Dailey , 76 Coles , 77 Hughes, Good, and 
Coles , 78 and Edwards . 79 The first four investigators concentrated their 
attention on an unusual group of lines near 25,000 Me showing a linear 
Stark effect 76 and a regular sequence that could be expressed as a power 
series in J(J -f l ). 80 This group of lines has been identified as resulting 
from internal rotation. Edwards measured lines of several isotopic com¬ 
binations near 50,000 Me tentatively identified as J = 0 —> l transi¬ 
tions. The microwave data have been analyzed by Burkhard and Den¬ 
nison , 80 who used a model involving internal rotation about the C-0 
axis of the actual asymmetric top. An important internal consistency 
feature of their theory is that the calculated torsional frequency of 250 
cm ' 1 is much lower than any of the other vibrational frequencies, the 
lowest of which is about 1000 cm -1 , as observed by Borden and Barker 81 
Thus a model treating CIT 3 and OH as separate rigid entities is reason¬ 
able. In addition to calculating the barrier height of 380 cm \ B rk- 
hard and Dennison have calculated the structure of the molecule. The 
results are listed in Table A.9. The barrier height determined b} r the 
microwave spectrum is somewhat lower than the earlier value of 470 
cm -1 estimated from infrared data . 15 The structural determination is 
not to be regarded as final since the 0 —> 1 transitions are yet to be 
identified conclusively with the Stark effect. Theoretical work on the 
problem is being continued by Ivash and Dennison. 


2.3. TRANSITIONS BETWEEN Z-TYPE DOUBLETS 

An interesting new type of transition was observed by Shulman and 
Townes . 8 ' 20 While searching for rotational transitions of IICN dimers 
they found instead transitions between /-type doublets of the excited 
bending vibrational states of the IICN monomer (XJ = () transitions 
with v 2 = 1). As a result, they were able to measure precisely the /-type 
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doubling intervals for several different rotational states and to obtain 
a critical test of Nielsen’s theory of /-type doubling. 29 - 30 ’ 32 * 33 

According to Nielsen’s theory, the separation of the /-type doublets 
of the rotational levels in a linear molecule is 


AE = hqJ(J+l), (2.66) 

where 

q = + 1), (2.67a) 

in which v s is the quantum number for the bending vibrational mode. 
Nielsen further predicts 



l+4Zf 

s' 




(2.676) 


where in the frequency of the degenerate bending mode and £. v , s / repre¬ 
sents the Coriolis coupling factors. 

Equation 2.66 was confirmed beautifully by the measurements of the 
direct transitions (A J = 0 ) between the /-t} r pe doublets over a wide 
range by Shulman and Townes. Table 2.5 gives the results. 


2.5. 

Observed transitions between 

/-type doublets in 

J 

Frequency in Me q = 

: frequency/./(./ -f 

6 

9,460 ± 30 

225.2 ± 0.8 

8 

16,147.67 ± 0.1 

224.273 ± 0.002 

10 

24,689.96 ± 0.1 

224.454 db 0.001 

11 

29,650 ± 30 

224.6 ± 0.3 

12 

35,043.24 ± 0.1 

224.635 ± 0.001 


82 


Equation 2.67a, which shows the dependence of q on the vibrational 
quantum number, was confirmed by Shulman and Townes , 820 who made 
measurements in the usual manner of the splitting of the rotational 
levels of OCS molecules in two excited bending vibrational states, 
v 2 = 1 and 3. In accordance with Eq. 2.67a the q for v 2 = 3 was found 
to be twice that for v 2 = 1. Transitions between /-type doublets in 
HCN as well as DCN have been observed by Weatherly, Manring, and 
Williams , 826 whose findings agree with those of Shulman and Townes. 
For HCN they obtain an average q of 226.2 Me and for DCN, an aver¬ 
age q of 183.6 Me. 

Equation 2.676 is more difficult to confirm because of the complicated 
nature of the Coriolis coupling factors. A. H. Nielsen has given expres¬ 
sions for in linear XYZ molecules . 29 II. H. Nielsen has evaluated 
these expressions for HCN and OCS and has shown that Eq. 2.676 agrees 
exactly with the results of Shulman and Townes for OCS and deviates 
only 2 per cent from the measured q 0 for HCN . 30 The expressions for 
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£ SS ' are rather involved. Shulman and Townes p % oint out that all the 
qo’s of the several linear XYZ molecules in which /-type doubling has 
been measured are approximately 30 per cent greater than those calcu¬ 
lated with q 0 = B 2 /co 3 . Thus, for linear XYZ molecules, q 0 ~ 1.30 B 2 w 2 . 

The fact that transitions can be observed between the /-type doublets 
of a given rotational level makes it possible to observe in the microwave 
region internal transition in levels of high J near the peak of the Boltz¬ 
mann distribution. Furthermore, it makes possible the observation of 
absorption spectra of gases in the low-frequency radio region. For ex¬ 
ample, the AJ = 0 transition between the /-type doublet for r 2 = 1 and 
J = 1 of OCS would give an absorption line at 12.08 Me. 


2.4. INVERSION SPECTRA 

If the coordinates of all the nuclei of any non-planar molecule are 
inverted at the center of mass, the resulting configuration is also an 
equilibrium structure for the molecule. Consequently, every non- 
planar molecule has identical potential energy minima, separated by 
potential barriers, and corresponding to equally stable molecular struc¬ 
tures. These structures, moreover, cannot be obtained one from another 
by simply rotating the molecule about any succession of axes. If the 
barrier is sufficiently high, the two forms are stable isomers, often 
separable, and often with different optical anisotropies. If the barrier 
is low and narrow, however, the molecule resonates between the two 
possible structures. The solutions to the quantum mechanical wave 
equation are linear combinations of the wave functions corresponding to 
the two structures. One of the solutions is symmetric and one antisym¬ 
metric with respect to the inversion of the coordinates. The energies 
of these two solutions differ by a small amount, AE mv , which is largest 
for light molecules with low, narrow potential barriers. The molecule 
may be treated as an oscillator of reduced mass moving in a symmet¬ 
rical double minimum potential well. The first such treatment was 
given bv Hund. 83 A particularly useful analysis by Dennison and Ulilen- 
beck, 81 relates AE luv to tin* area of the potential hill lying above the 
particular vibrational energy level E„ considered. Their result is 


A E 

*- w -' inv 




7T 


1 

a 2 


A 


exp 



[2m(F - E,)\*dx 


( 2 . 68 ) 


t The appropriate reduced mass may be deduced from the observed vibrational 
frequencies. 
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where A E v = the separation of vibrational levels. 

x = inversion coordinate (dimensionless), 
x = 0 at maximum of potential hill. 
x = xi at V = E v . 

For a given molecule, the inversion splitting is least for the ground 
vibrational state; it increases exponentially for higher vibrational states 
that have energies closer to the top of the potential barrier. 

Ammonia. Ammonia is unique among molecules investigated by 

microwaves. Since Cleeton and Williams 86 observed its spectrum in 

1934 and thus began microwave spectroscopy, more experiments on 

this molecule have been reported than on any other molecule studied 

by miciowave methods. It was the first molecule to show an inversion 

spectrum, 85 the first to exhibit a sharp microwave line spectrum, 86 first 

to show nuclear hyperfine structure 87 ' 88 and the power saturation 

effect, 89 first to confirm the Van Vleck-Weisskopf theory of pressure 

broadening at moderate pressures, 89 ' 90 and first to show the inadequacy 

of the theory at high pressures, 90 first to be used in an atomic clock, 91 

and first to be used for isotope analysis. 92 ' 93 The obvious reason for its 

use in so many diverse experiments is its exceptionally strong absorp- 
tion in the microwave region. 

To date, experimental evidence of inversion has been found only in 
ammonia. Infrared data on N 14 H 3 yield splittings of 0.67, 32, and 310 
cm 1 (Manning 94 ) for the ground state and the v 2 = 1 and v 2 = 2 
excited vibrational states. Wright and Randall’s high resolution spec- 
trogiams 95 of the pure rotational spectrum of ^H 3 are particularly 
beautiful. The data have been analyzed by Dennison and Uhlenbeck 84 
and by Manning. 94 The former authors applied Eq. 2.68 to a potential 
function consisting of two parabolic minima connected by a straight 
line; the latter used a smooth curve so chosen that exact solutions of 
the wave function were obtained. Manning’s solution predicted a 
ground-state inversion of 0.8 cm -1 with a potential hill of 2076 cm -1 
and a pyramidal height of 0.37 A to 0.40 A, depending on the choice of 
reduced mass. (The observed pyramid height is 0.38 A). 

Shortly after Wright and Randall’s infrared observations, 95 Cleeton 
and Williams 85 performed their historic microwave investigation of 
atmospheric pressure N 14 H 3 , observing a broad maximum near 0.8 cm -1 . 
The low-pressure measurements of Bleaney and Penrose, 86 Good, 87 and 
a number of other investigators have shown that the inversion maximum 
occurs at 0.7935 cm -1 . 

The NH 3 inversion spectrum consists of a number of different lines 
arising from molecules in different rotational states. This rotational 
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structure was first resolved by Bleaney and Penrose. 86 It has been ex¬ 
plained theoretically by Sheng, Barker, and Dennison 39 as an interac¬ 
tion of inversion and rotation. If nuclear hyperfine structure is neg¬ 
lected, a total of 64 lines of N 14 H 3 has been observed, 96 - 97 for rotational 
quantum numbers up to J = 17, K = 15, and frequencies ranging from 
16,800 Me to 40,000 Me. The strongest of these lines (J = 3, K = 3) 
has a peak absorption of 7.2 X 10~ 4 cm -1 . Thirty-seven lines of 
N 15 H 3 have been found. 96 - 97 


Except for lines with K = 3, Costain 98 has fitted all 64 N 14 H 3 lines 


with an rms error of 2.0 Me by a 6-constant empirical formula of a form, 
suggested by Eq. 2.68, 


* = exp [A'J(J + 1) + B'K 2 + C'J 2 (J + l) 2 

+ D'J(J + 1 )K 2 + E'K 4 ], (2.69) 


where v 0 = 23,785.88 Me; A' = -6.36996 X 10~ 3 ; B' = +8.88986 
X 10~~ 3 ; C’ = +8.6922 X 10~ 7 ; D' = -1.7845 X 10~ 6 ; and E' = 
+ 5.3075 X 10 -7 . The anomalous deviations of the K = 3 lines from 
the above formulas were first observed by Strandberg, Kyhl, Wentink, 
and Hillger," and have been explained by Nielsen and Dennison 100 on 
the basis of a K splitting of these levels. 

The intensities of the various ammonia lines have been calculated 
in the original papers. They are strongly dependent on the popula¬ 
tion of the rotational levels involved; they are also proportional to 
ii 2 K 2 /J(J +1), the square of the permanent component of the dipole 
moment. The intensities are also inversely proportional to the line 
breadths which vary with rotational state in a manner discussed in 
Chapter 4. 

Deuterated ammonia. Loubser and Klein, 101 using magnetron har¬ 
monics, observed a broad resonance peak centered at 117,000 Me in 
ND 3 at atmospheric pressure. This resonance is an inversion of the 
i >2 = 1 excited vibrational state of ND 3 . The ground-state inversion 
of ND 3 has been observed by Lyons, Rueger, Nuckolls, and Kessler 102 
in the vicinity of 2000 Me. 

Weiss and Strandberg 65 have observed and identified 20 NH 2 D and 
14 ND 2 Ii lines scattered throughout the frequency range of 7500 to 
75,000 Me. These observations have been extended to 4800 Me bv 
Sawyer 65 who lists 16 N13 2 H lines between 4800 Me and 6500 Me. 
Weiss and Strandberg have given a thorough analysis of the entire 
ammonia-inversion problem, with special emphasis on the asymmetric- 
top members of the ammonia family (NH 2 D and ND 2 II). They show 
that quite generally, for a molecule whose dipole moment is perpendicu- 
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lar to the inversion plane, a rotational transition must be accompanied 
by an inveision transition, and vice versa. For the asymmetric tops 
NH 2 D and ND 2 H, there is no K degeneracy, and each observed micro¬ 
wave spectial line consists of a combination of an inversion and a 
Q-branch (A J = 0) rotational transition. For a given J T -> J T , } two 



(a) ( b) 

Fig. 2.14. Rotation inversion energy levels: (a) v r > v i} (6) Vi > v r . (From Weiss and 

Strandberg. 65 ) 


lines result because of the inversion splitting. The separation between 
the two frequencies will be equal to the sum of the inversion splittings 
of the two levels involved, if the pure rotational frequency v r is larger 
than the inversion splitting. If the inversion splitting is larger than the 
pure rotational energy difference, the separation between the two re¬ 
sulting absorption lines is equal to twice the pure rotation frequency. 
The two situations are illustrated in Fig. 2.14, where the levels are 
labeled to denote the symmetry with respect to inversion. Transitions 
are allowed only between levels of opposite symmetry. 

In their analysis, Weiss and Strandberg apply the special form of 
Eq. 2.68 derived by Dennison and Uhlenbcck 84 for a potential well 
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consisting of two equal parabolas connected by a straight line. In 
dimensionless units, the separation of the two parabola minima is 2 .r 0 ; 
the length of the straight line maximum 2 (.r 0 — a); and the height of 
the maximum T r . The pertinent relations are 



(2.70) 


where A () = ground-state inversion splitting. 

Ai = inversion splitting for the excited state, v 2 = 1 . 
v\ = vibrational frequency corresponding to v 2 = 1 . 

Xq = nv \/ h) v *q ; 1 ’ = or/wi 2 , q = height of ammonia pyra¬ 

mid = 0.38 X 10 s cm and g = reduced mass. 


By adjusting x {) and a to the observed data for NH 3 , T was calcu¬ 
lated to be 1793.36 cm _1 .f Maintaining T constant and choosing n 
proportional to iq” 2 , the above authors calculated values of A 0 and 
Ai which are compared with experiment in Table 2 . 6 . The agreement 


Table 2.6. 

Comparison of 

calculated and observed potential 

constants for 



NII 3 and 

some isotopic modifications 65 


A 

nh 3 

NHoD 

NHD, 

ND 3 

W 

Calc. 

Ohs. 

Calc. ()bs. 

Calc. Ohs. 

Calc. Ohs. 

A 0 (cm -1 ) 

0.7935 

0.7935 0.402 0.400 

0.172 0.1705 

0.068 

Ai (cm -1 ) 

30.4 

35.84 

15.5 19.7 

6.8 9.84 

2.8 3.4 

vi (cm -1 ) 


950.10 

884 

813 

747.3 

*0 

3.173 


3.2896 

3.4302 

3.5778 

a 

1.9429 


2.0143 

2.1004 

2.1908 

M (amu) 

2.47 


2.87 

3.385 

4.20 

is seen to be exce 

llent, particularly for the 

ground state. 



A number of NHD* and XD 2 H lines were also observed bv Lyons 
and co-workers . 102 

Ollier molecules. No inversion transitions have been observed for 
other molecules. A predicted PII 3 inversion line appears to have been 
a result of a misinterpretation of the data. The large reduced mass of 
PII 3 would make the ground-state line lie at very long wavelengths, if 
it is observable at all. It has also been suggested that I ME (non- 
planar) may exhibit an observable inversion. 

t In comparison with Manning’s 94 2070 cm \ it should be remembered that the 
areas, not the heights, of the two different potentials should be nearly equal. Man¬ 
ning’s potential is best for excited vibrational states. 
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2.5. MAGNETIC RESONANCE SPECTRA OF GASES 

A few gaseous substances, the most familiar of which are 0 2 , NO, 
NO a> C1 2 0, and F 2 0, have unpaired electrons in the ground state and 
hence have large magnetic moments as compared with those of most 
molecules which have a *2 ground state. These paramagnetic gases 
have large Zeeman effects, also, when there is a nucleus with 7^0, 
large magnetic hyperfine structures. 

One of the simplest ways to study paramagnetic gases in the micro- 
wave region is to observe transitions between Zeeman components of a 
given rotational state. This type of observation is analogous to para¬ 
magnetic resonance and nuclear magnetic resonance commonly observed 
in solids (Chapter 5). A field of only a few kilogauss is required to 
bring the resonance frequency of a free-electron spin into the microwave 
region. One can conveniently leave the microwave oscillator frequency 
fixed and “sweep” the absorption line to the desired frequency of obser¬ 
vation by varying the magnetic field. Hyperfine structure and other 
effects can be studied as perturbations of the “Zeeman lines.” The 
strong fields which must be employed break down weak magnetic 
couplings so that the simple theory of the Paschen-Back effect is often 
adequate for interpretation of the perturbations. Nevertheless, the 
resulting spectrum is frequently complex because of the large number 
of interactions usually present. 

So far, the study of paramagnetic resonance spectra of gases has been 
concentrated at Yale, with the experimental side developed by Beringer 
and Castle and the theoretical aspects treated by Margenau and Henry. 
Three of the more common paramagnetic gases, 0 2 , NO, and N0 2 , have 
been investigated. Although there are only a few more substances of 
this type to be studied, the possible application of the experimental 
method and the theory to gaseous free radicals or ions makes the subject 
potentially of wide interest. 

The three cases already investigated illustrate fairly well the three 
degrees of coupling (relative to the coupling of n and the magnetic field) 
between the magnetic moment /i and the molecular axis: (1) weak 
(N0 2 ), (2) intermediate (0 2 ), and (3) strong (NO). The first and last 
cases are analogous to the Paschen-Back and Zeeman effects, respec¬ 
tively, in atomic spectra, and, if hyperfine structure is neglected, they 
can be treated by the methods of Chapter 3. As in atomic spectra, the 
intermediate field case 2 is much more complex. 

Because it is simplest, case 1 will be discussed first. In N0 2 there is 
a single unpaired electron which has only very weak coupling to the 
molecular axis. (The ground state is essentially a 2 2 state.) This 
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coupling is broken down by the fields required to obtain paramagnetic 
resonance at microwave frequencies. The frequencies observed by 
Castle and Beringer 103 could be explained by the simple Paschen-Back 
energy formula, 


E — MsgsuoH + AMsMi + BMgMj, (2.71) 


with A = 132 Ale and B ~ A/2, and the selection rules AJ = 0, AM S 
= 1, Ail// = 0, and A Mj = 0. In this formula the quantum numbers 
Ms, Mj, and Mj have their usual significance (Chapter 3). Formula 
2.71, which is readily apparent from the vector model, is easily derived 
trom first-order perturbation theory. The first term on the right is the 
principal term and represents the Larmor precessional energy of the 
electron spin. A and B represent the coupling constants in A(S-I) 
and B{ SJ). It should be mentioned that, previous to the work of 
Castle and Beringer, McAfee 10-1 had measured these constants from the 
structure of the microwave rotational spectrum of X0 2 . Because of 
the large number of J values for which the rotational levels are popu¬ 
lated at room temperature, the last term causes a splitting of the main 
paramagnetic line into a large number of components which are not 
completely resolved. Since 7 = 1 for N 14 and / = 0 for 0 1G , the term 
AM s Mj causes a splitting of the resonance line into three components. 
These components were resolved by Castle and Beringer. Except for 
the different nuclear moments, the paramagnetic resonance spectra of 
F 2 0 and C1 2 0 are probably similar to that of X0 2 . 


The separations of the () 2 Zeeman levels observed in the experiment 
of Beringer and Castle 23 are only about one-third of the average separa¬ 
tion of the spin triplets (Art. 2.16). Therefore, the fields required for 
this Zeeman frequency are sufficient to cause appreciable decoupling of 
the magnetic vectors within the molecule, but not sufficient to break 
down these couplings completely. Consequently, the magnetic reso¬ 
nance lines observed do not agree closely with those expected from the 
simple vector-model treatment nor with the treatment of Schmid, 
Eud6, and Zemplen. 105 The latter researchers assume that oxygen is an 
example of I land's case (6), 106 but with S coupled weakly to the molecu¬ 


lar axis, and they treat the Zeeman splitting as a perturbation of the 
spin triplet. Henry 107 introduced Zeeman perturbation into the original 
Hamiltonian used to calculate the spin triplet (Art. 1.16). Because of 
the number of terms in the resulting Hamiltonian, the calculation of the 
allowed energy values is rather involved, and the resulting secular deter¬ 


minant whose roots yield the desired energies is cumbersome, 
sufficient to say here that Henry's treatment yielded results in 


It is 

good 



134 MICROWAVE SPECTRA OF GASES 

agreement with experiment for the several lines measured by Beringer 
and Castle. 

As a result of the cancellation of the orbital and spin magnetic mo¬ 
ments, the lowest electronic state of NO, 2 Ih Aj is non-magnetic. The 



Fig. 2.15. Energy-level diagram of the J = % level of the 2 II^ state of N 14 0 16 . 
Stage a is in the absence of magnetic field. Stage b shows the magnetic levels, con¬ 
sidering only molecular effects. Stage c includes the nuclear magnetic and stage d 
the nuclear quadrupole coupling. The nine transitions A Mj = ±1, A Mi = 0 are 
shown in stage d. Arabic indices on the transitions correspond to the labeling of 

the observed absorption lines. (From Beringer and Castle. 22 ) 

state 2 U H , which lies only 121 cm -1 above and is appreciably populated 
at room temperature (kT ~ 200 cm -1 ), is, however, magnetic and 
gives rise to the well-known paramagnetism of NO. In this state, the 
molecule has a magnetic moment of 2 Bohr magnetons which is strongly 
coupled to the internuclear axis [Hund’s case (a)]. The resultant elec¬ 
tronic momentum, fl = | A + w | lies along the internuclear axis and 
forms with the end-over-end rotational momentum a total angular 
momentum ./. The rotational energy is given b> r the symmetric-top 
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formula, with K replaced by ft, with the allowed values of ./ being H, 
% • • • for the 2 U h state. Since J cannot be less than its component, 
ft, the lowest rotational levels for the 2 11$$ state is that for./ = y 2 . It 
was this lowest state (./ = %) which was investigated by Beringer and 
Castle . 22 

If nuclear interactions are neglected, tlie paramagnetic resonance 
frequencies of XO can be calculated by the vector model treatment of 
Hund’s case (a ). lu6 This treatment immediately yields a g factor of 
3 /J(J + 1 ) for 2 II y 2 . With J = the g factor is ^ 5 . Since Mj — J, 



8500 


8600 


8700 


oersted 


Fin. 2.It). Observed paramagnetic spectrum of N u 0 16 at a pressure of 1.0 mm of Ug. 

(From Beringer and Castle. 22 ) 

,/ — 1 . . . —there are four Zeeman levels spaced apart, where 

P is the Bohr magneton. With the selection rule for paramagnetic 
resonance spectra, A M = 1, a triply degenerate line of frequency 
%{IIfi/h) would be expected, if there were no nuclear perturbations. 
This is illustrated by stage b of the diagram by Beringer and Castle 
reproduced in Fig. 2.15. As a result of nuclear interactions, nine lines 
are actually observed, as indicated in the diagram and shown in the 
Fig. 2.10. An indirect result of the nuclear interaction is to cause a 
small decoupling in the molecule so that it is no longer a perfect exam¬ 
ple of Ilund’s case (a). This effect is treated bv Margenau and Henrv . 108 


2.6. HYPERFINE STRUCTURE 

Hyperfine structure in molecular rotational spectra arises through a 
coupling of the nuclear spin, I, to the molecular rotational vector, J. 
This coupling may be magnetic or electric, or both. Nuclei do not have 
electric dipole moments but can have electric quadrupole moments 
which interact with the gradient of the molecular electric field at the 
nucleus. The unbalanced molecular fields, electric and magnetic, at 
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the nucleus arise primarily from the valence-shell electrons which are 
strongly coupled to the molecular axis and which, so to speak, rotate 
with the molecule. When the molecular axis changes orientation with 
lespect to the nuclear axis, the molecular field components at the nu¬ 
cleus in the direction of the spin axis change value, and hence the inter¬ 
action energy changes. It is this change in interaction energy which 

must be supplied by the radiation field and which 
gives rise to the hyperfine structure in rotational 
spectra, \ ectorially, I and J can be regarded as 
forming a resultant F fixed in space, about which 
both J and I precess. See Fig. 2.17. The inter¬ 
action energies of J and I, and hence the rates of 
j precession, depend upon the orientation angles as 
well as upon the coupling constants. 

In atomic spectra the magnetic hyperfine struc¬ 
ture is much more prominent than the electric 
quadrupole hyperfine structure. In molecular 
rotational spectra the quadrupole hyperfine struc¬ 
ture is the more prominent. Most stable mole¬ 
cules have ground states and consequently 
only extremely small molecular magnetic mo¬ 
ments. There are a few molecules, such as NO 
and C10 2 , which do not have *2 ground states. 
These have large molecular magnetic moments 
and accordingly have widely spaced magnetic 
tiG. 2.17. Vector dia- hyperfine structures. A very large number of 
gram showing coupling mo i ecu i es are found to have observable nuclear 

sultant F about which q uadru P oI e hyperfine structure in their microwave 
both precess. spectra. Although both types of interactions can 

occur in the same molecule, most frequently one 
type predominates over the other. It is convenient to treat the two 
effects separately. One should remember, however, that if the 2/ + 1 
degeneracy resulting from a given nucleus is completely lifted by one of 
these interactions, no further components in the hyperfine structure 
arising from this nucleus can be produced by the other type of interac¬ 
tion but only a further displacement of the existing components. 

2.6 a. Nuclear Quadrupole Interactions. If the electric charge of 
a nucleus is not spherically symmetric (which is usually the case when 
the spin is not zero or J^), it has an electric quadrupole moment Q 
(see Chapter 0) which can couple the nuclear axis to the molecular axis 
through the electric field gradient of the molecule, effective at the 
nucleus. This resulting interaction of the nuclear spin and the molecu- 
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lar rotation causes a splitting of the rotational levels, which is called 
the nuclear quadrupole hyperfine structure. To find the splitting of the 
rotational levels, quantum mechanical perturbation methods (see intro¬ 
duction to Chapter 3) are applied to the perturbing Hamiltonian of 
Eq. 2.72. In most instances the transformations are involved. Onlv 
the pertinent results will be given here. 

Nuclear quadrupole effects in microwave spectra were discovered by 
Good s: in the inversion spectrum of ammonia and were quickly con¬ 
firmed by Dailey, Kyhl, Strandberg, Van Yleck, and Wilson . 88 Fig¬ 
ure 2.18 reproduces the original cathode-ray presentation of the 3.3 line 



(a) V = 1.5 X 10 2 mm Ilg (6) p = 9 X 10 3 mm Ilg 

Fig. 2.18. 1 he N n ll 3 3,3 line showing satellites arising from N 11 quadrupole cou¬ 

pling. These photographs represent the first evidence obtained for nuclear effects in 

microwave spectroscopy. (From Good.* 7 ) 

ot N 4 II 3 by Good. Note the symmetrical satellites on either side of 
the strong central line (undisplaced line). 

Previous to the discovery by Good, 87 nuclear quadrupole effects had 
been found in the optical spectra of atoms ll " J and in the molecular-beam 
t-f spectra 110 ot diatomic molecules. The fundamental theory of the 
interaction ot nuclear quadrupole moments with extranuelear electrons 
was developed some years ago in an important work by Casimir. 111 
1 his theory, which had earlier been adapted to linear molecules by 
Nordsieck 112 and by Feld and Lamb, 113 was quickly adapted by Coles 
and Good 111 and by \ an \ leek 115 to symmetric-top molecules to ac¬ 
count for the hvpertine structure of \ 14 II 3 . Bragg 116 and Knight and 
I eld 11 ■ have since extended it to asymmetric rotors. 

1 he Hamiltonian ot Casimir which describes the quadrupole coupling 
ol nuclei in a molecule is of the form 


II 


Q 


- Z> ((5 


l 



3(J-I,) 2 + §(J I,) - JV 

2J(2J — l)/,(2/, - 1) 


(2 72) 


in which J refers to the total angular momentum of the molecule ex- 
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elusive of the nuclear momenta, which are described by I,. The quantity 
Qi represents the electric quadrupole moment of the ith nucleus (de¬ 
scribed in Chapter 6), and e, the electronic charge. The only term in H 
which differs for atoms and molecules and for various types of molecules 

• / d2y \ 

IS \dZ */ A ‘ In thlS term V 1S the P° tential at tlle nucleus in question 

which results from all the electrons, and Z is the axis fixed in space. [In 
the expression ( d 2 V/dz 2 ), as commonly used in microwave papers, z 
refers to an axis fixed in the molecule.] It is easily shown that 


/*r\ 

WV Av 




(2.73) 


where ry is the radius vector from the center of the ith nucleus to the 
ith electron, and 0y is the angle between ry and the space-fixed axis Z. 
The average is taken over the state with Mj = J. 

Single nucleus with coupling. The numerator within the brackets of 
Eq. 2.72 has the same characteristic values for a single nucleus with 
quadrupole coupling in a molecule (of any type) as it has for atoms. It 
has been evaluated b}' Casimir. 111 From his result, the characteristic 
energy values for quadrupole coupling of a single nucleus with spin / 
and quadrupole moment Q is 




•|C(C+1) - /(/ + 1)J(J+ 1)- 

2J(2J - 1)27(2/ - 1) 


f 


(2.74) 


where C = F(F + 1) — /(/ + 1) — J (J + 1). 


F = J + I, (J + I- 1) 


d 2 V\ 


J - I 


Hie term < ——^ ) takes different forms for different molecular types 

dZ / Av 

and for different reference axes. For diatomic or linear polyatomic ones 
(in 2 states) it is 

/d 2 V\ _ 2 J / d 2 V 


\dZ 2 / 


Av 


2J + 3 V dz 


(2.75) 


where z is along the bond axis. 

For symmetric-top molecules f with the coupling nucleus on the sym- 

f Details of the derivation for the symmetric-top case are given by Jauch [Phys. 
Rev. 72, 715 (1947)J. The value for the linear case may be obtained from the sym¬ 
metric-top form by setting K — 0. 
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raetry axis it is 


/d 2 V\ 

XdZ 2 / Av 


2.7 


3 A' 2 


2 J + 3 \J{J + 1) 


d 2 l 




dz 


(2.70) 


where 2 is along the symmetry axis, and K is the quantum number 
which measures the component of J along this axis. 

/d 2 V\ 

For asymmetric tops ^ ; has been expressed in different forms. 

\ / Av 

A form given by Bragg 1,6 which can be conveniently evaluated from 
existing tables is 


/£!T\ 

\dZ 2 / Av 


2.7 x 

(2 J + 3) (2.7 + 1) y 


d 2 Y 


da 


\ n 

A ./t 


(d 2 v\ , fd 2 v 


\ C , 7 . 

• / T , • 


lr' ’ 


(2.77) 


where the reference coordinates a, b, and c are the principal axes of 

inertia. The values for \j t j t > are the ^-branch intensities tabulated by 

* • > 

(Voss, Mainer, and King. 70 A second very useful form, by Bragg and 

Holden, 118 develops / 111 terms of the reduced energy E{k) and 

Hay’s parameter k. For other forms, see Knight and Feld. 117 

II we designate with Y(F) the part of the equation which is common to 
molecules of all types, then for diatomic and linear molecules (z along 
the molecular axis) 

(d 2 V\ 

AV, = -KM—5-) y(n (2.78) 


dz 2 


where Y(F) is defined by Eq. 2.82. 

For symmetric tops (z along the symmetry axis) 


AV, = eQ 


d 2 \ 

J? 


3 K 2 

J (J + 1) 


- 1 Y(F); 


(2.79) 


and for asymmetric tops (a, b, and c along the principal axes of inertia) 


Eq - xajr - jT ' + (l&) X " J '■ J ' 


d 2 \ 


y) X 


27+ .7 Y{n > (2 - 80 ^ 
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or, alternatel 3 r , in terms of Ray’s parameter k and the reduced energy 

E(k) 

d 2 v\ r /oe(k) 


Eq = cQ 


da 


J(J + 1) + E(k ) — (k + 1) 


\ 6k 


+ 2 


d 2 V\ /6 E(k) 


db 


) V 


dK 


+ 


d 2 V 
'dc 2 


J(J + 1) - E(k) + (k - 1) 


dE(K ) 

dK 


J(J 



Y{F) 


(2.81) 

Definitions of k and E(k) and methods of evaluating them are given in 
Art. 2.2 d. The a, b, and c axes are the axes of principal moments of 
inertia designated according to the relative magnitudes of the moments 
of inertia, in the order I a < I h < I c . 

Numerical values for the common term 


3 

Y (/'’) = - 


C(C + 1) - J(J + l)/(/ + 

2(2 J - 1)(2 J + 3)7(2/ - 1) 



(2.82) 


lor values of J up to 20 are given in the Appendix, Table A. 10. In the 
same table are given relative intensities for AJ = 1. These apply to 
all classes of molecules as well as to atoms. Numerical values for 

/ 3 K 2 

W + 1) 

Eq. 2.80 are the Q-branch entries tabulated by Cross, Hainer, and 
King. 70 The summation includes values for all levels of r that can com¬ 
bine with the level being analyzed. In computation of their tables 

• • 

advantage was taken of the fact that \ 1 Jt . Jt > = \ 1 Jt >. Jt . Values of the 
reduced energies E(k) in Eq. 2.81 are tabulated Iry King, Hainer, and 
Cross. 51 ’™ 

One must not overlook the fact that the molecular-frame-reference 
axes used above are different for the different molecules. In the linear 
and symmetric-top cases only a single axis is required, whereas for 
asymmetric rotors three are used, although in view of the relation V 2 T 
= 0 only two of these are independent. In evaluation of the quantity 

d 2 V 

—^ from electronic structure it is frequentl}' convenient to have the 
dz 2 

reference axis along a symmetric bond axis. For linear molecules and 
for certain s 3 r mmetric tops such as CH 3 C1, the reference axis used above 
is alread 3 r along a bond formed b 3 r the atom in question. In as 3 r mmetric 


1 ) in Eq. 2.79 are given in Table A. 10. The values in 
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tops none of the coordinates employed necessarily lies along a bond 
formed by the coupled atom. When, however, the structure of the 

molecule is known, the quantities , etc., can be estimated from 


da 


d 2 V 


- , where Z is along an axis of the bond formed by the atom, with 


approximate relations of the form 1 


1G 


d 2 V 


dxi 


d 2 Y /3 cos 2 




a 


- 1 




i = 1 , 2 , 3 , 


(2.83) 


where angles a Xti are the angles between the bond axis and the principal 
axes, a, b , and c, here designated as x lf x 2 , aijd x 3 . This relation assumes 
that the electronic distribution near the nucleus is symmetrical about 
the bond. The relations are not limited to a bond axis but hold for any 
axis through the nucleus about which this electronic charge is sym¬ 
metric. \ ice versa, Eq. 2.83 can be used to resolve the coupling factors 
d V/da 2 , etc., along a new set of reference axes, x , ?/, and 2 . 

The field gradients (. d 2 V/dz 2 ), ( d 2 V/da 2 ), etc., are usually abbreviated 
Vzz, qua, etc., and the quadrupole coupling eQq zz , eQq aa , etc., as x 22 , x<m, 
etc., with the subscripts denoting the particular reference axis. In linear 
or symmetric-top molecules, where only one reference axis is involved, 
frequently the subscripts are dropped and the field gradient is indicated 
simply by q. This practice will be followed in succeeding discussions. 
In the general case the field gradient is a tensor and hence has nine com¬ 
ponents. However, the axes can always be chosen so that the cross 
terms such as q xy = d 2 V/dx dy vanish, leaving only the three terms with 
like subscripts. Assuming no electronic charge at the nucleus, Laplace’s 
equation, V 2 V = 0, can be used to eliminate one of the remaining terms. 
A further discussion of the coupling constants will be found in Chapters 
6 and 7. 

To obtain the hyperfine components of a given transition of J, the 
quadrupole perturbation energies Eq (Eqs. 2.78-2.81) are added to the 
unperturbed rotational energies E r and the Bohr relation A E = hv 
with the appropriate selection rules applied. In practice, one usually 
computes first the frequency deviations and adds them to the theoreti¬ 
cal unperturbed frequency. The selection rules for F are 

AE = 0, ± 1. 

Lhese must be used with the selection rules governing the unperturbed 
transition. Since the selection rules for rotational transitions in asym¬ 
metric rotors differ from those for linear and symmetric-top molecules 
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the combinations of hvperfine energy levels give rise to a greater variety 
of patterns than are found for the simpler molecular types. Since these 
patterns are unique for particular combinations of I and J, they can 
be used to identify the rotational transition as an alternative to identi¬ 
fication by means of the Stark effect. As with all quadrupole splittings 
(and with the Stark effect), only moderately low-,/ transitions can be 
analyzed in this fashion. For high-./ values, the splittings become 
•smaller and the pattern approaches a type characteristic of the nuclear 
spin only. 

Numerous examples of hvperfine structure in microwave spectra 
have been observed. Figure 2.19 shows one of the simplest possible 



tic. 2.19. 

1 ransit ion 


Theoretical and observed hyperfine structure of the J = 0 —> 1 rotational 
of DCX. [From Simmons, Anderson, and Gordy, Phi/s. Rev. 77, 77 

(11)50). | 


quadrupole hvperfine patterns, that for the ./ = ()—» 1 transition of a 
linear molecule. Figure 2.20 gives the actual energy levels (first order) 
with the allowed transitions for tlie symmetric-top case, .7=1 —*► 2 , 
with / = ^ 2 - 

(loldstein and Bragg 119 have applied the theory of Bragg, Kq. 2.80. to 
the asymmetric rotor vinyl chloride (O 2 II 3 CI). Figure 2.21 shows a 
comparison of theory and experiment. The second method by Bragg 
and (lolden, Kq. 2.81, has been applied by Loomis and Strandberg 3 
to the partly deuterated arsine and stibine. Sufficient low-./ transitions 
were observed so that the reduced energy expression could be obtained 
analytically without the use of the approximate tables. 

For a discussion of the nuclear and molecular information obtained 
from nuclear quadrupole hvperfine structure, sec* Chapters 6 , 7, and 8 . 
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1 spectrum 


30,400 Me 


re (/ = y 2 ) in the 
nsition of CII 3 I 127 . 
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Second-order effects . The first-order treatments discussed above 
account very satisfactorily for the quadrupole hyperfine structure when 
the spacings of the rotational energy levels are large as compared with 
the quadrupole splitting. However, deviations from the first-order 
theory of a few megacycles were early found to occur for the I 127 hyper¬ 
fine structure 120 - 121 in CH 3 I and ICN. The quadrupole theory for 


lio-2„ 


Observed 

_1_1 

1 1 


Theoretical 

1 /2 _>3 /2 


5 /2- 7 /2 


5 / 2 ^ 5/ 2 3 / 2 3/2 


3/2 y 2 


23,550 


23,540 


23,530 


23,520 


1 n-" 2 12 


Observed 



Theoretical 

5 /W 2 

V 2 -V 2 V 2 -* 3 /2 

—K -Lr 

3/?-5/? 

3 /W 2 5/2 ^ 5/ 2 

-ll-_ 


—1 r—-“n- 1 -1— 

22,400 22,390 22,380 22,370 


Fig. 2.21. Hyperfine structure in the spectrum of an asymmetric rotor. The Cl 35 
quadrupole effects in vinyl chloride. (From Goldstein and Bragg. 119 ) 


linear and symmetric-top molecules, extended to the second order by 
Bardeen and Townes, 122 was found to account beautifully for this devia¬ 
tion. The second-order energy is 



'sp UIJFM f \ H q I IJ'FMp ) 2 
44 E r - E r ' 

J 


(2.84) 


where J' can differ from J by 1 or 2. Physically, this represents an 
interaction between levels of different J but of the same F and Mp. 
The squared matrix elements in the numerator are 

(IJFM f I Hq I IJ + 1 FM f ) 2 


3 eqQK 


L 8/(27 — 1)/(«/+2)_ 

X (/ + J + F + 2 )(J + F 


K 2 1 [F(F+l)-I(I+l)-J(J+2)f 

1 ~~ (7+17j (27+1) (2/+3) 

- / +1)(/ + f - j)(j +1 - f + 1 ); 
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(IJFM f \ H q \IJ + 2 FMp) 


SeqQ 

2 

A' 2 - 

.167(27 - 1 )(2.7 + 3). 


J 

(J + 1) 2 J 


X 


1 


K 


1 




(J + 2) 2 J (2 J + 1)(2 J + 5) 

X (F + 7 + J + 2)(J + / - F + 2)(J + I - F + 1)(./ + F - 7 + 2 ) 
X(J + F - 1+ 1)(7 + A - 7)(7 + A - J - i). (2i8 5) 

The expression in the denominator is the difference in the rotational 
energy of the molecular states J and J' with K = K' for symmetric 
tops. For linear molecules, of course, A = (j. Perturbations are pro¬ 
duced by levels above as well as below that of a given level. The squared 
matrix element is symmetric, however, in J and .7', and the above 
formulas are sufficient. The matrix elements vanish when J and J' 

differ by more than 2. Numerical values of F ( y 2) are given in Table 
T.lOc for I = V 2 ,% and J up to G. 

Observed lines 
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In rotational line of SbII 2 D, showing 


Fig. 2.22. 

“41 * « Vc*v*v/Iia4 line u 1 PI 

second-order effects. (From Loomis and Strandberg”) 

Second-order theory for quadrupole coupling in asymmetric rotors has 
been developed by Bragg.- The accidental near-degeneracy of certain 
rotational levels in asymmetric rotors can give rise to large second-order 
Tccts. Small but noticeable second-order effects were detected bv 
Loomynd Strandberg 7 * in the hyperfine structure of SbH 2 D. See 
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Two or more nuclei with coupling. The case of two or more nuclei 
(in a molecule) with quadrupole coupling is much more complex than 
that of a single-coupling nucleus. The Hamiltonian can be represented 
as a sum of the separate interactions as indicated in Eq. 2.72. The 
greatest complexity arises when different couplings are of the same order 
of magnitude. When one coupling is very much stronger than the 
others, the formulas for the coupling of a single nucleus may be applied 
to it, with the smaller splitting by the other nuclei treated as first-order 
perturbation of the resulting levels or neglected entirely. 

Bardeen and Townes 123 have considered the case of two nuclei with 
coupling in linear molecules. -They assigned the quantum numbers 


F i —./ + /] 

F% = J + 12 


./ + /,- 1 
J + I 2 ~ 1 


• • • I J — 1 1 

-I a 


( 2 . 86 ) 


where 1 1 and / 2 are the spins of the two nuclei and represented by F 
the total angular momentum quantum number, 


F — J + I\ + I 2 J + /i + I 2 — 1 



— F\ + h F\ + 1*2 — 1 * • • | F\ — 1 2 |. 


(2.87) 


Thus, for h + I 2 each level of J is split into (21 x + l)(2/ 2 + 1) 
hyperfine levels. If Eq x and Eq 2 represent the characteristic coupling 
energy of each nucleus alone (as in Eq. 2.78), and E Ql » E Qv then the 
combined energy Eq can be written 


Eq = E Qi (F ,) + £ C(F l F 2 ) 2 E Ql (F 2 ). 


( 2 . 88 ) 


The transformation coefficients C(FiF 2 ), which require too much space 
for listing here, are given by Bardeen and Townes 123 for I x = 1 and 
^ 2 , with /2 and J arbitrary. This first-order theory has been found 
adequate when the coupling of one nucleus is 10 or more times that of 
the other. 123 The case of two nuclei with coupling is illustrated with 
C1CN in Fig. 2.23. Note that the top spectrum obtained with low 
resolution obeys well the coupling theory for the single nucleus, Cl. 

The case of the three equivalent Z nuclei with coupling in symmetric 
molecules of the type XYZ 3 , where X and Y have no coupling, is treated 
by Bersohn 124 and by Mizushima and Ito. 125 The large number of 
molecules, such as chloroform, to which this theory applies makes it of 
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wide interest. Unfortunately, this case is extremely complex except for 
very low J , and the pertinent results are too lengthy to give here. 
Mizushima and Ito give the theoretical pattern for the ./ = ()—> ] 
transition with 1=1, 2. and 


Spectrum under 
low resolution 


Theoretical pattern due to 
Cl quadrupole alone 



3 /2“* 1 / 2 
6 2 and 5/ 2 ~7/ 2 


V 2 -V 2 
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effects 


11 


V 2 3 /2 V 2 3 /2 
V 2 7 /2 V 2 7 /2 - J ! 
5 /2 V 2 -- 5 /2 V 2 - 


5/2 5/2 ♦ 5/2 3/2 1 - 

5 / 2 5/2-V2 7 / 2 ; 

1 /2^ 1 / 2 I | 
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3 /2 3 / 2 -! 5/2 3/2 
5 / 2 5 /2 - 7 / 2 7 / 2 and 3 / 2 5 / 2 * 5 /2 5 / 2 J 
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[ - 5 /'2 5 / 2 * 7 / 2 
l3/ 2 1/ 2 ^5/2 3 / 2 

3/ 2 5/ 2 — 5/2 7 / 2 

| 3 / 2 J / 2 
3 /2 3 /2 — ' 3/2 5/ 2 
I 3/2 3 / 2 

ti ; 5 /2 7 /2 - 7 /2 9 / 2 
5/ 2 3/ 2 -. 7/ 2 5/ 2 


3/2 V 2 - 


3 / 2 1/2 
3/2 3 / 2 


l 3 /2 3 /2 


He. 2.23. Illustration of ofTects of quadrupole coupling; by two nuclei on a rotational 

’’ of M Cw'\Ti“ Ik r Structure „ftho J = 1 _ 2 transition 

‘ ■* ,<>ln i() " n< ‘ s » Holden, and Merritt, l*hys. Ucv. 7/ h 1113 (1<M8).| 

2.6/,. Magnetic Hyperfine Structure. Magnetic hyperfine .struc¬ 
ture is pronounced only in the few molecules which are paramagnetic 
Small nuclear magnetic-moment perturbations can, however he de 
tected in many nan-magnetic molecules in >1' states. These effects were 
onnd ;n X H 3 by Simmons and Gordy,” who noticed that the lines of 
', . Quadrupole hyperfine structure were slightly displaced from 
ion expected positions by X 14 magnetic interactions with the molecu 

!v — W :Tu T he the0ry ° f this inter “«0“ "as worked out 
by Jaueh * and by Henderson.- A similar, but stronger, interaction 

has been found by Gilbert, Roberts, and Griswold >“ in FCl The 
magnetic hyperfine structure of the hydrogens in NH 3 has been'partly 
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resolved by Good 129 et al., and explained by Van Vleck. 130 In the last 
case, additional splitting of the NH3 lines is observed because of the 
lifting of the 2/ + 1 orientation degeneracy of each hydrogen, whereas 
in the N 14 interaction no additional lines are observed because the spin 
degeneracy of the N 14 nucleus is completely lifted by the quadrupole 
interaction. 

If the magnetic field generated by the molecular rotation is propor¬ 
tional to J, as is expected for linear molecules, the interaction Hamil¬ 
tonian is CI J and the characteristic energies are readily shown from 
first-order perturbation theory to be 

E = iC[F(F + 1) - J(J + 1) - /(/ + 1)], (2.89) 

where C is a coupling constant. For FC 1 35 C was found 128 to be 0.036 
Me. 

If in a symmetric top a magnetic field component C K K is generated 
by the rotation about the symmetry axes and a component C N N by the 
component of momentum normal to K, then the average field along J is 

H/ = C n N cos (N, J) + C k K cos (K, J) 

CxN 2 C k K 2 

Vj(.j + i] + Vj(j + i) ’ 

Since N 2 = J(J + 1 ) - K 2 and 

H j = [C N (J(J + 1) + (C K - C\)K 2 ]/Vj(J + 1), 


the interaction between Hy and the nuclear magnetic moment, g/ = 
Qi&i^ I (I + 1), is 

E = H-yHj = g,frV I (I + 1) Hj cos (J, I). 

From the law of the cosine applied to Fig. 2.7 

cos (J, I) = [F(F + 1) - ./(./ + l) - I {I + 1)1/2 Vj(j + 1 ) V7(7+T). 


Substituting and rearranging, 



a + 


bK 2 


J(J + 1). 


[F(F + 1) - J(J + 1) - /(/ + 1)J, 


(2.90) 


where a = gi(3iCx/2 and b = gifiiiC k ~ Cjv)/2. This equation is iden¬ 
tical to that derived by Henderson and Van Vleck. 131 It fits the N 14 H 3 
case with a = 0.0057 Me and b = 0.0011 Me. For asymmetric rotors 
Henderson and Van Vleck derive a similar expression with a term 
cf(J, K) added in the first brackets as an asymmetry correction. A re- 
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lated treatment of molecular rotational magnetic moments is given by 

Jen. 132 1 he vector model treatment given assumes that the precession 

of K and N about J is rapid as compared with that of J and I about F, 

and that the rotational levels are widely spaced as compared with the 
hyperfine multiplet. 

Hyperfine structure in paramagnetic gases will not be treated here 
because of the limited number of these gases. For a discussion of the 
subject, see the work of Henderson and Van Yleck, 131 Margenau and 
Henry, 108 and particularly that of McAfee. 101 The last researcher has 
observed and interpreted magnetic hyperfine structure in the rotational 
spectrum of N0 2 . Magnetic hyperfine structure has also been detected 
in the microwave rotational spectrum of CIO, by Shawlow and San¬ 
ders, 133 and in 0 1(, 0‘' by Miller, Javan, and Townes. 20 See also Sec. 2.5. 

2.6c. Relative Intensities. The relative intensities of the hyperfine 
components of a given rotational transition depend upon weights 
2/' + 1, of the upper as well as the lower state involved in the transi¬ 
tion. They may be evaluated from the sum rules but have been de¬ 
rived with quantum mechanical methods bj r Hill. 131 The relevant 
formulas are 



(2 F +1) 

Ia = l^FT^- piF) - Q{F) 



h = 


i± = 


AF = =F 1 


AF = 0 


AF = ztl 


[AJ = ± 1 


(2.91) 


u here F(F) 

Q(F) 

U(F) 


(2F + J ) , 2 

-■ • R 2 (F) 

/'(/’+1) 

■ P(F)-Q{F - 1) 

(/' + J)(F + J + l) _ 
m + 1) — (F -J)(F 
I'(F + 1) + J(.J + i) _ 


AF = 0 


AF = ± 1 

/(/ + 1 ). 

~ J 1 ). 

- /(/ + 1). 


AJ = 0, 


rile larger values of./ and F invnlv^l tu i 

In on, n ,,lxoIvecl 111 the transition are employed 

. , " e uppel ' sl K ,ls “re to be used together, and the lower sians 

- r. arr* « as*®- “ 
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3 . STARK AND ZEEMAN EFFECTS 


In atomic spectra, the Zeeman effect is generally more important 
than the Stark effect. The reverse is true in molecular spectroscopy 
since most molecules have ground electronic states; i.e., they have 
no unpaired electrons, no electronic angular momentum or spin, and 
hence no electronic magnetic moment. With a few significant excep¬ 
tions (such as 0 2 , NO) the magnetic moments are only of the order of 
a few nuclear magnetons (~l(r 23 emu). The electric dipole moments, 
however, are of the order of a Debye unit (10~ 18 esu). Whereas mag¬ 
netic fields of many thousands of gauss often cause line shifts and split¬ 
tings of less than the line width, electric fields of a few hundred to a 

few thousand volts per centimeter may completely resolve the individual 
line components. 

The fundamental property of the Stark or the Zeeman effect is that 
it iemo\es the spatial (Af) degeneracy of the energy levels. If there is 
a uniform electric or magnetic field in the space-fixed Z direction, the 
angulai momentum J can assume 2 J + 1 orientations with respect to 
Z corresponding to integral values of Mj from —J to +J. If there is a 
permanent electric or magnetic moment p. which has a component in 
the J diiection, there will be 2 J -}- 1 values of p.* € or p.*H, giving rise 
to a linear Stark or Zeeman effect. If there is only an induced moment 
proportional to the field, a quadratic effect results, with J + 1 dif¬ 
ferent energy values. Precise measurements of the frequency split- 
lings of the line components frequently yield measurements of electric 
dipoles more accurate than those measured b} r any other technique. 
Because the magnetic splitting is smaller, the magnetic dipole measure¬ 
ments are generally less accurate. 

The similarity of Stark and Zeeman effects makes it possible to 
develop the theory of both effects simultaneously. 1 The approach pre¬ 
sented here, however, is first to indicate the general method used in the 
calculations and then to discuss each effect separately. 

The Stark and Zeeman effects in rotational spectra might be treated 
by including the energy of orientation of the dipole in the external field 
with the total energy used in setting up the wave equation for the rotor. 
This approach, however, is needlessly complicated. Because the Stark 
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and Zeeman energies are usually small as compared with the rotational 
energies, the simpler approach of the quantum mechanical perturbation 
theory is usually employed. This type of treatment is used not only 
for the Stark and Zeeman effects but also for nuclear hypertine struc¬ 
ture, centrifugal distortion, collision broadening, and many other phe¬ 
nomena encountered in microwave spectroscopy. 

The elements of the perturbation theory are given in quantum me¬ 
chanics texts and need not be elaborated here. It suffices to recall the 
pertinent results. 


The first-order perturbation energies (except for certain degenerate 
states which are too involved for discussion here but are treated in all 
standard quantum mechanics texts) are obtained from an average of 
the perturbing term H w in the Hamiltonian 


// = //«» + //<i) ... 

over the unperturbed state, i.e., 


(3.1) 





(3.2) 


where the </o (0) for the present purpose would be the wave functions of 
the unperturbed rotor, and //<» the potential energy of the molecular 
dipole in the external field. These zeroth-order wave functions are ob¬ 
tained from the solution of the wave equation 

// (0 V (0) = £«V<» (3 3) 

for the unperturbed rotor. //<°> is the Hamiltonian operator for the 

field-free rotor. For a molecule with the permanent dipole perpendicu- 

lar to J (as in linear molecules) the first-order effects are readily shown 
from hq. 3.2 to be zero. 

The second-order energies (again excepting certain degenerate states) 

are 


h 


z 





/<V°> __ ji' 

Ij f A/' 


( 0 ) 


(3H) 


I he prime on the summation indicates omission of terms for / = ,/' 
W hen as fc usually (he case, //<» is a first-degree function of the co- 
01 dinates the integrals in the numerator of the last term reduce to the 
matrix elements of the dipole moments (since the perturbing field is 
maintained constant and can be factored out). Therefore, only those 
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neighboring states to which transitions are allowed by the selection 
rules enter into the summations. Also, if the dipole-moment matrix 
elements have been calculated for other purposes (see Sec. 4.4)_in 

i i i * ^ ^ 1 ^ can then be used for 

calculating Stark splitting. This is the basis of the method suggested 

by Golden and Wilson 2 for using the line-strength tables for asym¬ 
metric rotors of Cross, Hainer, and King 3 for Stark-effect calculations. 
For linear and symmetric-top molecules the characteristic Stark ener¬ 
gies can be expressed in convenient formulas. 

In the following discussions we use the abbreviations (j\ H\j') for 
integrals like those in Eq. 3.4, and correspondingly for the dipole- 


f 


Actually, more quantum numbers are usually required to designate the 

particular eigenstates, but for simplicity we employ only one in the above 
discussion. 

If the perturbing H a) contains no differential operators, as in the Stark 

and Zeeman effects as well as in nuclear interactions with the molecular 

rotation, the two integrals in Eq. 3.4 are identical, and the second-order 

interaction energy becomes (if the term in 7/ (2) is neglected) in the 
abbreviated notation 

M tf (i) k) i 2 


Ej 


( 2 ) 


Z 


E/ 0) - Ej. 


(0) 


(3.5) 


where again the prime on the summation indicates J ^ J\ This ‘‘non- 
degenerate theory does not exclude the 2 J -j- 1 degeneracy arising 

from the space orientation (M degeneracy) nor the n(2/*• + 1) nuclear 
orientation degeneracy. * 


3.1. EFFECTS OF ELECTRIC FIELDS 

3.1a. Stark Effect of Molecules without Ilyperfine Structure. 

Symmetric-top molecules . A discussion of the Stark effect in rotational 
spectra logically considers first the case of a symmetric top with a per¬ 
manent dipole fi directed along the axis of symmetry. Since this class 

of molecule has an electric dipole component fiK/\^J(J -f- 1) in the 
direction of the angular momentum J, it has, except when I\ = 0, a 
simple first-order Stark effect. The energy of |A at angle 6 in an external 
field £ is —y£> cos 0. Quantum mechanically, the angle 6 between g. 

and £ assumes the 2 J -f- 1 quantized values cos 6 = + 1). 
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The corresponding 
level are therefore 


first-order splittings E 1 uof the ,/th energy 


E { 11 


J KM j = 


A (1, ooo = 0 


ix&KMj 

J (J + 1) 


(3.6) 


Note that Eq. 3.G is independent of the inertial constants of the 
molecule. 

l'or a transition J —> J + 1 ; with the microwave electric vector 
parallel to the Stark field €, as is the usual experimental case, selection 
rules are AA = 0, AMj = 0. These conditions yield the frequency dis¬ 
placements from the unperturbed rotational line frequency u n as 


Av = 2 



KMj 


h J J(J + !)(./ + 2) 


(3.7) 


1 01 " ln megacycles, M in Debye units, and £ in volts per centimeter 
the factor 2/li is to be replaced by 1.00G4. The maximum splitting’ 
which occurs when A = Mj = J , is approximately inversely propor¬ 
tional to,/. Typical values of \± = 1 Debye unit and £ = 1000 volts/cm 

yield a maximum splitting of about 1000/J Me, so that this linear 
Stark effect is easily observable even for high J. 

^ Debye and Manneback 1 in 1927 first suggested using the first-order 
Stark effect for measuring dipole moments. Only with the advent of 
microwave spectroscopy has this become feasible, however. Microwave 
dipole-moment determinations are discussed in Chapter 7. 

1 he above first-order Stark effect was derived on the assumption that" 
m is independent of the electric field. Actually the field perturbs the 
rotational motion, giving rise to an additional component of dipole 

moment proportional to the electric field. The resulting expression for 
” jkmj from hq. 3.5 is 

U ( 2 ) JK Mj = f > 2 ^ 1 


E 


JK 


A, 


(•3.8) 


where the summation is over all states for which J' ^ J 

The dipole matrix element in Eq. 3.8 is the same matrix element as 

that involved in the emission of electric dipole radiation. The onlv 

non-vanishing terms in Eq. 3.8 are from energy levels connected with 

the level in question UKMj) by dipole radiation, for which the selection 

rules (parallel electric fields) are AK = I). = q, AJ = ± 1. Hen« 

two leims only contribute to E^) u f i , , . } 

(J K M u. J i a" c J r ? KA,J ' the s ( iuared matrix elements 

- 1, A, .1/)- from Eq. 4.32 and (J - K, M\v-\j , K, M) 2 
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(which may be obtained from Eq. 4.32 by substitution of/ - 1 for J) 

are su stituted m Eq. 3.8 with the corresponding rotational energy dif- 

erences from Eq. 2.32 in the denominator, the second-order Stark 
energies are obtained as follows 4,5,6 

(a) E i2) 


J KM j 

(j 7*0) 

' 2 hB 


{3K 2 -/(/+ 1)}{3Mj 2 - J(J + i)j 

+ 1) 2 (2J - 1)(2J + 3) 


(b) 


E™ ooo = 


2 C 2 
~H & 

OhB 


Mj 2 K 2 
J 3 (J + l ) 5 

(3.9) 


where « h/8w 2 I B . In general, the second-order effect is completely 
neghgdde as compared with the first-order effect when the first-order 
effect does not vanish. Examination of Eqs. 3.6 and 3.9 shows, how¬ 
ever, that for A - 0 there is only a second-order effect. Nevertheless, 
tlie A - 0 component of a symmetric-top transition is frequently used 
in determining dipole moments from the Stark effect. Furthermore, a 
linear molecule is equivalent to a A = 0 level of a symmetric top. 

Ine relative intensities of the component lines, AM = 0 J —> J + 1 
are given by 7 * 1 

hij = Q(J, K)[(J + l) 2 — Mj\ ( 3 . 10 ) 

The Mj dependence of Eq. 3.10 is particularly important and applies 
to all molecular types for AJ = +1 transitions. Unfortunately, the 
me with the greatest frequency shift (Mj = J) is also the weakest one. 
It Wl11 subsequently be shown that, when quadruple effects are con¬ 
sidered, simplicity of theoretical interpretation generally dictates the 
use of maximum Mj. 

The Stark effect of the inversion doubling of NH 3 represents a rather 
special case. Although ammonia is a symmetric lop, its dipole moment 
is only semi-permanent, because of inversion splitting. Hence it 
possesses a second-order Stark splitting given by 8a - 9 


Au = 0.5065 


g 2 £ 2 


*0 


KMj -j 2 


L J(J+ 1)J 


(3.1 1) 


with v in megacycles, m in Debye units, £ in volts per centimeter. Coles 
and (iood 9 observed the Stark splitting of ammonia shortly after their 
observations on DCS. Their dipole measurement of 1.5 Debye units 
lor ammonia has since been remeasured as 1.468 ± 0.009. 10 Compli¬ 
cations introduced into the problem by quadrupole splitting are dis- 
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cussed by Jauch. 11 The transition probabilities 12 are proportional to 


I Mj °C /i 


KM 


j 


12 


+ 1)J 


( 3 . 12 ) 


Hence, in this case the intensity ratios of the components are the same 

as their relative frequency displacements from the undisturbed line. 

This coincidence arises from the fact that in this case the summation 

indicated in hq. 3.5 contains only the one term corresponding to the 
line being observed. 

Linear molecules . A linear molecule can be considered as a special 

case of a symmetric top with K = 0. Alternatively, the second-order 

Stark effect can be evaluated for linear molecules directly from Eq. 3.5 

by use of the wave function of the rigid rotor. The energy-level split- 
tings are given by 

3 Mj 2 -J(J+ 1 ) 


(a) 


E <2 > 


M 2 S 2 r 


JMj = 
J 0 


2 hB 


J(J + 1)(2J - 1)(27 + 3)_ 


(&) 


E™ oo = - 


m 2 S 2 

QhB 


(3.13) 


and the frequency differences from the unsplit “zero field” lines r 0 for 

A/ = 1, Ail/ = 0 by 


(a) (Aid 


J 5=^0 


2/T£ 


2o2 r 


3Mj 2 (8J 2 -j- 16J T 5) — 4 J(J -f 1 ) 2 (J -j- 2) 
h ' 2 u 0 lJ(J + 2)(2 J — 1)(2 J + 1K2 J + 3)(2 J + 5) 


(b) 


2o2 


(Av)j = 0 - 


8 m l S 


(3.14) 


15 A 2 


"o 


where J is for the lower rotational level. For , 0 and A, in megacycles 

u/ 1 , n -, 2 e >ye “ nits ; and 8 in volts ! ,f ' r centimeter, the factors 2 /h 2 and 
8 1 oh in (a) and (b) are to be replaced by 0.5065 and 0.1351, respec- 
ti\oI\. Inc relative intensities are given hy Kcj. 3 10 

The greatest displacements occur for Mj = J, being, except for J = 0, 




2(5 J + 8) m 2 £ 2 


(J + 2) (2./ + 3) (27 + 5)A 2 i/ 0 


(3.15) 


< 'onverting to „ in megacycles, M in Debye units, and £ in volts per centi- 
nttci Eq. 3.1o for high ./ is approximately equal to UJ 2 ) 

1U, .» 25,000 Mj, . i« , Debye u„i,, and 0 i, ,L 
-< volts/cm, the resulting displacement is 625/J 2 Me. This rapid 
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decrease in Stark splitting with J limits accurate measurements to rela- 
tn-ely light molecules, particularly if the dipole moment is low. For 
example, N 2 0, whose dipole moment is only 0.1 GG Debye unit, has been 
accurately measured 13 by using the J = 0 -> 1 transition; a molecule 





Fig. 3.1. Stark splitting of the ./ = 1 -> 2 rotational lino of OCS. Upper curve, no 
field; middle curve, 750 volts/cm; lower curve, 1070 volts/cm. (From Dakin. Good, 

and Coles. 15 ) 


of the same dipole moment with a moment of inertia ten times as large 
probably could not have been measured by the same techniques.f 
I he first molecule whose microwave Stark effect was investigated 
was the linear molecule OCS. The photograph obtained by Dakin, 
flood, and Coles ]5 is shown in Fig. 3.1. A rough value of 0.72 Debye 
unit obtained as the first Stark-effect dipole determination has since 


f Transitions of SCSe, which is heavier than NoO and presumably has a smaller 
dipole moment, have been observed, but the Stark splitting has not been well re¬ 
solved. 14 
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been remeasured with higher precision by several experimenters (Table 
A .5 ). 

For a linear molecule, the Stark effect of excited stretching vibrational 
states may be treated in the same way as for the ground state. In a 
bending vibration, however, the molecule is very nearly a symmetric 
top. The slight asymmetry, in the absence of field, yields a doublet 
called the Z-type doublet, where Z has essentially the same significance 

as K foi a symmetric top. In the first excited bending vibration Z = - 4-1 
are the only possible values. 

Penney 16 has calculated the case of the Stark effect of an almost 
symmetric top. If the Z-type doublet energies in the absence of electric 
field are F 1 (0) and E 2 (0 \ they become in the presence of a field € 


Ei = - 


1 

2 



9 -i 


Ei m + E 2 m + a /(£ , 1 (0 > - E 2 m ) 2 + 4 \— lMj } . 

U{J + 1)J J 


(3.16) 


Eo = - 


1 

2 


Ei <0> + E 2 (0> - 



(Ei m - E 2 m ) 2 + 4 \ * mij 

(J(J + 1) 


Strandberg, Wentink, and Hill have applied this relation to OCSe 

showing that the Stark effect here is quadratic for low fields (asym- 

+ 1 2»mij 

metric-top approximation, 


\J{J + 1) 

high fields (symmetric-top approximation, 


« | £' 1 (0 ' — E 2 m |) and linear for 


»| o) _ e 2 (0) I). 


2nmij 


r . \J(J F 1) 

'Hie resulting Stark splittings for the J = 2 — 3 /-doublet of OCSe are 

shown in Fig. 3.2. It is interesting to note that the Stark components 

of the two f-type doublets approach each other as the field increases 
and intersect at a field given by 17 


_ hJ(J + 1 )(J + 2) 

4^Mj 


(3.17) 


where AF is the absorption frequency difference of the unperturbed 

doublet ibis gives a convenient means of measuring the dipole 
moment for Z-type doublets. 

StirTTr- m ° leCUleS - Go,den and Wilson 2 ^ve calculated the 

Ht wv F ^ , aSy "! metriC r ° t0rS by secon d-order perturbation 
Iheoij For cases where the Stark splitting is small compared with the 

separation of the unperturbed energy level from its nearest neighbor 
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(non-degenerate case) they derive the expression 


2o2 


2m* 8 


[Hi (2) b,,, Mj - + [Aj(k, a) + Mj 2 Bj(k, a)]. (3.18) 


Here Mg is the component of dipole moment along the gth principal axis 
of the molecule, [E e (2) ] J: r , Mj is the corresponding second-order energy 
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Observed /-doublet Stark pattern for OCSe 80 . (From Strandberg, Wentink, 

and Hill. 17 ) 


shift for the Mj component of the J T energy level, and k and a are as 3 ’m- 
metiy parameters of the molecule. (Note that the total energv shift is 

3 

^jE g {2 \) Values of Aj and Bj have been tabulated 2 for J = 0, 1, 

g = i 

and 2. When the microwave electric field is parallel to the Stark field, 
the selection rules are AMj = 0, AJ = 0, =bl. There are (J + 1) 
Stark components of a completely resolved spectrum line, where J is 
the smaller of the two J 's involved in the transition. 
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Quite generally, Golden and Wilson showed that Eq. 3.18 could be put 

in a form utilizing Cross, Hainer, and King’s 3 tabulated line strengths 

X(J, t ; ./', r') between levels whose unperturbed energy differences are 

T and E m j. : r . where J' = J - 1,./, or J + 1. The resulting rela- 
(ion is 


= M/S 2 


J 2 ~ Mj 2 

L./(2J - 1)(2 J + 1) 




MJ, T )J— 1, r) 


K { 0 ) J. r ~ E 


( 0 ) 


j - 1 , 


+ 


Mj 


r 


MJ, t; J, t') 


J(J + 1 )( 2 J + l) E (Q) j T — E (0) j T . 


+ 


('J + O 2 ~ Mj 2 A [J, r; J -f 

(./ + 1)(2J +~ 1) (2J + 3) V E (0) j. T ~~E 


' MJ , r ; J + l, t') 

_ //( 0 ) 


J+l, t'J 


(3.19) 


The prime over the summation indicates that the summation is to ex¬ 
tend only over those values of JV for which E (0, j- T . is not near E (0) j T . 
This formidable-looking array actually contains only terms connected 
by dipole radiation to the particular energy level under consideration 
(see discussion following Eq. 3.8). The energy differences may be ob¬ 
served spectroscopic values or, where these are not available,' may be 
computed from King, Hainer, and Cross’s energy level tables. 1 * 

Hie absolute intensities of the component lines depend upon ./, T , 
and Mj as well as upon the asymmetry parameter of the molecule We 
are concerned here with the relative intensities of the Stark components 

of a given line, the Mj dependence of the intensities. These are readilv 
obtained from the dipole matrix elements and are 2 


l Mj - E(J, T, k)Mj 


2 


-X./ = 0 AM = o 


1 \1j = Q{J, T, k) { (J -)- l) 2 _ .1//} AJ = ±\ 


(3.20) 


AM = 0 


where J is the smaller of the two quantum numbers involved in the 
transition. Equation 3.20 is particularly useful in distinguishing A./ 
- 0 from AJ - ±1 transitions. Intensities for transitions in which 
' V t • fj 1 ' hG d n0t parallel ,0 St ark field), if thev are needed 

can be obtained from Eqs. 3.44-3.40 since the Stark and Zeeman com- 
ponents have the .same intensities. 

The general nature of Stark splittings in asymmetric-top molecules 

0 , ' 1,1 I ’ 1 *- 3 „ 3 ’ " here - t0 th e same scale, patterns for the 

,°" ^ V.’ 112 ’ "’ 13 t(H, and 4 0i —> 4 I3 transitions of SO, are 

A/ () anOA/ 0 " la !' aCte v UC dilTcrCnC< ' in th (> intensity pattern for 
X/ - 0 and AJ = I transitions. Note also that the Stark patterns 
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may be on one side or both sides of the main line; frequency may in- 
crease or decrease with increase in Mj. 

In their paper, Golden and Wilson 2 point out the possibilities of acci¬ 
dental degeneracy of levels for asymmetric-top molecules (even for 



Fig. 3.3. Stark pattern for low-/ transitions of the asymmetric rotor, SO 2 . (From 

G. Crable, Ph.D. Thesis, Duke.) 

low-./ number) and analyze this case in some detail. Here a linear 
Stark effect may appear giving rise to 2J + 1 component lines. Also 
transitions with | AJ | >1 become possible. It should be pointed out, 
however, that, although such degeneracies are possible, coincidences to 
within, say, 50 Me are rare. Quadratic Stark effects as large as this 
are seldom observed because of the large fields necessary. The well- 
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known linear Stark effect in a series of methyl alcohol lines ,9>2 ° is as¬ 
cribed to the hindered internal rotation of the OH group. For this type 
of molecule, rigid rotor analysis is not satisfactory and must be replaced 
by a consideration of the internal rotation, 21 as well as the over-all rota¬ 
tion of the molecule. Figure 3.4 illustrates the first-order Stark effect. 
It is a recorded tracing of an internal rotational transition corresponding 
to J = 6 in methyl alcohol. 



Fig. 3.4. First-order Stark effect in the spectrum of CH 3 OH. The restricted internal 
rotational line at 25,018 Me (J = 6). The pattern was obtained with a phase-lock-in 
detector followed by an Esterline-Angus recorder. With this system the Stark com¬ 
ponents point downward; the zero-field line points upward. A 40-volt, square modu¬ 
lation at 100 kc was employed. (By John Cox, of Duke.) 


3.1b. Stark Effect of Molecules with Nuclear Quadrupole Cou¬ 
pling. The problem of the Stark effect in linear molecules having a 
nucleus with quadrupole coupling has been solved by Fano. 22 Exten¬ 
sions to symmetric-top rotational spectra have been made by Low and 
Townes, 23 and by Coester. 1 The extension to asymmetric rotors is 
straightforward although, in general, tediously involved because of the 
nature of asymmetric wave functions. The Stark effect in the N 14 LI 3 
inversion spectrum has been worked out by Jauch. 11 The weak-field 
case for asymmetric rotors has been treated by Mizushima. 86 

The Hamiltonian for a rotor in an external field having quadrupole 
coupling is 

II = Il m + II Q + II F} (3.21) 

where H ( } is tho Hamiltonian for the unperturbed rotor solutions of 
which are given in Chapter 2. II Q is the quadrupole-coupling Hamil¬ 
tonian of Eq. 2.72, and 7/ c , the energy in the electric field — C os 8 
where 0 is the angle between g and €. It is convenient to divide the 
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problem into three parts: the weak-field case, in which H e « II Q ; the 

intermediate-field case, in which H s ~ II Q ; and the strong-field case, 
in which Hq. 

Symmetric-top molecules: weak-field solution. We consider the single 
nucleus with coupling. When 1 1 £« eQq « B, F, M F , J, K, and I are 
good quantum numbers, but Mj is not. The Stark effect can now be 
regarded as a correction upon the quadrupole splitting. The level char¬ 
acterized by E r + Eq is regarded as the principal state and (i-€ treated 
as a perturbation. There are then 2 F + 1 Stark components of a given 
F level. The first-order Stark perturbation energies may then be ob¬ 
tained from 

tf e (1) = (FM f JKI\ |1. 6\FM f JKI), (3.22) 

in which the required wave functions are obtained from an expansion 
of the normalized, orthogonal wave functions of the unperturbed rotor 
and the nuclear spin function. 

\PfmfJki = ^2 C(FM F JIMj)xf/j KMj -ti Mr (3.23) 

Mj 

The substitution of this wave function in Eq. 3.22 yields, upon inte¬ 
gration, 23 

n&K * 

= - J 1 z I C Mj (FMpJI) I Hlj . (3.24) 

+ 1) Mj 


The summed expression is just the average of Mj over the wave func¬ 
tion, \f/ fmfJIi which when evaluated 24 gives for the first-order energy 



FJKMf ~ 


mS. KM f [F(F + 1) + J(J + 1) - /(/ + 1)] 

2F(F + l) 


fj&KM fa j 

J(J + 1) 


(3.25) 


The quantity aj is numerical^ evaluated in Table ^4.11 for low values 
of J. To obtain the total energy of the perturbed rotor, Zs £ (1) must be 
added to E r + Eq, as given in Chapter 2. 

Equation 3.25 can also be derived from the vector-model treatment. 
Since this treatment gives more physical insight into the problem, it 
will also be summarized. The characteristic Stark energy for a given 
state is the product of the field € and the average component of the 
electric dipole moment which lies along £ for the particular energy state 
of the molecule. In a symmetric-top molecule the dipole moment lies 

along K and has a component hj = v-K J(J -f 1) along J. In the 
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weak-field case considered, J and I form a resultant about which they 
both precess. The dipole component then has a component along F 
which is n F = mj cos (F, J), where (F, J) denotes the angle between F 



Fig. 3.5. Vector model of the weak-field Stark effect in the hyperfine structure of the 

rotational spectrum of a symmetric-top molecule. 


and J. Because of the interaction of with the field. F will precess 
about € as indicated in Fig. 3.5. The component of p. along £ is then 


M,- 


Mr /—---— — • 

Wi(h w + 1) VJ(J + 1 )F(F + 1) 

™ (F, J) . '''O' +D+■'(■/+!) -/(/+!) 

2 F{F + 1 )J(J + i) 

determined from the cosine law, this expression for substituted in 
Et = —yields Eq. 3.25. 

In the vector model treatment it is assumed that F, J, K I and M F 

are good quantum numbers. It is apparent that, if this treatment is to 

apply the precession of K about J must be rapid as compared with that 

0 J abo ^ F and that the precession of J about F must be rapid as 
compared with that of F about £. These conditions are inherent in the 


A lKMf cos (F J) 


Will 
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first-order perturbation treatment of this case which holds only when 
B » eQq » /* s S. 

It is interesting to note that for the largest values of F and M P i e 
when F = J + / = M F , Eq. 3.25 reduces to ' ’ 


- v&K/{J + 1), (3.26) 

and hence for this case E™ is independent of the nuclear quadrupole 
effects. Note also that the first-order energy is zero for K = 0 
The second-order effect for a symmetric top can be expressed as 


z, a> - £ £ 

F J 
F'y*F J'viJ 


(FMf-JKI ||i <g| F'MrJ'KI) [ 2 
E ( 0 ) fm f jki ~ F (0) f . MfJ , ki 


(3.27) 


The needed wave functions are again obtained by expansions in terms 

of those of the unperturbed rotor and nuclear spin function. The 

transformations, which are too involved to give here, lead to the second- 
order energies, 23 ’ 1 

p(2) _ n 2 & 2 K 2 

FJKMf --- 5 ---- 

(J* 0 ) eQq[3K 2 - J(J + 1 )}J(J + i) 

R(F)(F 2 - M f 2 ) R(F+ 1){(F+ l) 2 - M F 2 \ 


LF(E) - Y(F - 1) 


Y(F) - Y(F + 1) 


_ m 2 S 2 [3Mf 2 - F{F + 1)][3D(Z) - 1) - 4 F{F + 1 )J(J + l)J 


hB2J(J + 1)(2/ - 

where 


(a) 

R(F) = 

(b) 

Y(F) = 

(c) 

C = 

(d) 

D = 


(3.28) 


4F 2 (2F - 1)(2 F + 1) 

f C(C + 1) - 1(1 + 1 )J(J + 1) 
2(2/ + 3)(2J - 1)7(2/ - 1) ~ 


C = F(F + 1) - /(/ + 1) - /(/ + 1) 
D = F(F + 1) — /(/ + 1) + /(/ + 1) 


The function Y(F), giving the quadrupole splitting at zero field, is 
tabulated in .4.10 of the Appendix. When J = 0, Eq is also zero, and 
E c (2) is given by Eq. 3.136. 

The second-order correction Eq. 3.28 appears formidable. It is also 
of limited usefulness except for K — 0, when the first-order effect 
vanishes. This may be seen by referring to Fig. 3.6, where the weak- 
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c ,rv! n W V P 7 g „ the - J = 2 ' K = 1 level ° f a function of *6/7,. 

Cune. (1) for F - 2 M F = weak-field approximation; (2) accurate solution; 

(3) • - 1 strong-field approximation. Curve: (4) Mj = 2, strong-field approxi- 

mation; (o) accurate solution; (6) F = % if,, _ 5/ wpnl . ‘ 

’ V 2 , -uf ~ - 2 , weak-neld approximation. 

(For As, / = %, cQ 9 -235 Me.) 


field solutions for AsF 3 , J = 2 K = \ 1 / - f _ 5 / 7 / , „ . 

, , „ ~ / 2 , r - ‘/ 2 , are plotted 

as curves 1 and G. The accurate intermediate-field solutions that con- 

nect weak- and strong-field solutions are also plotted (curves 2 and 5 ) 

and will be discussed later. It is clear, however, that the quadratic 

Fq. 3.2b cannot bridge much of the gap between the strong- and weak- 
held solutions. 
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Symmetric-top molecules: strong-field solutions. If the electric field 
interaction is very strong, (| M s | » | e Qg |), the nuclear spin I and angu- 
ar momentum J are uncoupled and precess separately about the field 
direction. Thus the appropriate quantum numbers are J, K I Mj 

and As the nucleus has no electric dipole moment, its orientations 
in the electric field have identical energies so that the strong-field Stark 
effect, if quadrupole interactions are neglected, is still given by Eqs. 3.6 
and 3.9. The quadrupole interaction may now be treated as a small 
perturbation upon the Stark levels, except when | Mj | = 1. The appro- 

priate representation is JKMjMj, and the first-order quadrupole per- 
turbation energy in this case is 


e Q W = (JKIMjMi\ Hq\JKIMjMi) 


= eQq 


3 K 2 


J(J + 1) 


- 1 


I [3 Mj 2 - /(./ + 1)][3 Mj 2 - /(/ + 1)] 


4/(2/ - 1)(2J - 1)(2J + 3) 


(3.29) 


This correction is to be added to the Stark levels determined for the 

molecule without quadrupole coupling (Art. 3.1a). If there are two 

quadiupole moments one adds the coupling of the second nucleus deter- 
mined in the same way. 

The strong-field solution when | Mj | = 1 cannot always be obtained 
by the above method, although it can when | Mj | = 1 if Mj = 1 and 
Mj + Mr = /, I + 1. In general, when Mj = 1 and Mj + Mr = 1, 
the energy must be obtained from the solution of the appropriate secular 
equation which is given by Low and Townes. 23 

Symmetric-top molecules: intermediate-field solution. The intermediate- 
field solution for which H c ^ IIq <<C H ^ is generally complex. Low 
and Townes 23 give the secular equations and matrix formulation from 
which the energies can be obtained. The evaluations are straightfor¬ 
ward though laborious. 

For F = I + J and Mp = F it has been shown (Eq. 3.20) that weak-, 
strong-, and intermediate-field solutions are identical. If the d-c field 
is perpendicular to the r-f electric field, the selection rule AM r = 1 
holds so that this simple theory is applicable. In most experimental 
set-ups the d-c and r-f fields are parallel, however, and AM? = 0. In 
this case the Mp value of the upper level is 1 less than its maximum 
value when Mp = F for the lower level. Fortunately, a simple, accu¬ 
rate solution is also possible for this case. From the results of Low and 
Townes it can be shown that the general solution for F = I + J or 
/+«/ — ! and Mp = / + J — 1 is of the form 
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E, 


+J. J. K, I+J-l = 


Eq (F = I + J) + Eq (F = I + J — 1) 


+ B(n&) 


I E(Q) (F = I + J) - E q (A = / + J - 1)} 2 


+ C(ai£) + D 2 (mS) 2 , (3.30; 


where the zero-field splittings E Q are obtainable from Table .4.10. The 

« evaluated most simply by expanding Eq. 3.30 
in power series appropriate in the strong- and weak-field approximations 
and comparing with Eqs. 3.0 and 3.25 or, for /<’=/+ J , with Eq. 3.20. 

Ihe intermediate-field solution so obtained is plotted in Fig. 3.6 for 
comparison with strong- and weak-field solutions. It is to be noted 
(hat the above method of calculation does not require calculation of the 
exact intermediate-field wave functions. In this example the weak- 
held solution is satisfactory up to n&/h = 10 Me (a frequency shift of 

30 Me for the /•’ = % —> Vi line), whereas the strong-field solution is 
satisfactory only off the range of the graph at about fiZ/h = 1000 Me (a 
frequency splitting of 200 Me for the Mj = 1 — 1 line). The molecule 
AsF 3 was chosen as a fitting illustration since many molecules have 
either much larger or much smaller quadrupole couplings so that either 
strong- or weak-field approximation is easily realizable physically 
Furthermore, for high-,/ values (and therefore high F) there is much 
loss difference between strong- and weak-field cases. For example for 
./ = 10, / = 1, F = ./ + /= ll, m f = F - 1 = 10, Mj = (./ J ]), 

the ratio of strong- to weak-field values of — E } is - ~ V)F - n qo 

d{r&) J(F - l) “ - U - 

Linear molecules. 1 he Stark effect in quadrupole hyperfine structure 

lor a linear molecule is quite similar to that for a symmetric top and the 
energies may be obtained if A' is set equal to 0 in the various symmetric- 
lop formulas given. In the strong-field case the energy levels are given 
by Eq. 3.13, with the added (small) quadrupole splitting by Eq 3 20 
with A = 0. Examples are X 2 0 and CICN. 1 * The relation for the 
\\eak-fiel<l ca.se -- is obtained if K is replaced by 0 in Eq. 3.28. It is 


/y’( 2) _ 

Ij FJMr ~ 
(j* 0) 


2 & 2 

- J iB [3-1/,, 2 - F(F + 1)] 


x 3- 1) - 4A(A+ lj./(./ + I) 

2JU + 0(2 •/ - 0(2 J + 3)2A(A + 1)(2A -~\~)(2F + Z)' 

where D = F(F + 1) -f- ,J(J + 1) - /(/ + i). 


(3.31) 
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Again the case F — J + / is the simplest. For it, Eq. 3.31 becomes 




2o2 




J + I.J, M F 


3 M f 2 - F{F + 1) 


hB 1{J + 1)(2/ + 3) (2F) (2F - 1)J 


(3.32) 


For the largest value of M F = F, this reduces to 


E (2) 


2o2 


J + I,J, J + I = 




2 hB(J + 1)(2 7 + 3) 


(3.33) 


which is identical to Eq. 3.13 for Mj — 7. Thus no quadrupole effects 
exist for the M F = F = 7 + / level. 

I he intei mediate-field solution for linear molecules with quadrupole 

coupling lor F = 7 + 7, M = F — 1 is also quite analogous to that for 
symmetric top. 

Asymmetric rotors. The general method of approach for the asym- 
metlie-top molecules with one nucleus having quadrupole coupling is 
the same as that outlined lor symmetric tops. For the weak-field case 
one chooses the representation FM f JI which will diagonalize II Q , and 
then one uses the corresponding wave functions (obtained by expansion 
of the rotor and nuclear spin functions) to calculate the Stark perturba¬ 
tion energies of the hyperfine levels. 

In the strong-field case the quadrupole interaction is treated as 
perturbation on the Stark levels with the latter obtained as for molecules 
without hyperfine structure (Art. 3.1a). The term in the brackets 

[3(J-I) + 2 (J*I) *“ J 2 ! 2 ] of the quadrupole interaction Hamiltonian of 
Eq. 2.72 has diagonal elements \{ZMj 2 - J{J + l)][3d// 2 - I (I + 1)J 

when evaluated in the MjM / representation. The quadrupole pertur¬ 
bation to be added to the Stark levels in the strong-field case is therefore 


/d 


Fa = cQ - 


F\ [3d// 2 - I (I + l)][3d/y 2 - ./(./ + ljj 


\dZ 2 / Av 


87(2./ - 1)7(2/ - 1) 


(3.34) 


/£!LA 

W 2 /av 


where the value of 


given in Eq. 2.77 can be used, or if preferable 


27 ~h 3 

it can be obtained in other terms if Eq. 2.81 is divided by--— )'(/’)• 

When, as is usual, the rotational energy levels are widely spaced as 
compared with the hyperfine splitting of these levels, one can obtain 
the weak-field solution by replacing .l/./ 2 in Eq. 3.19 by its quantum 
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mechanical average in the FJIM f representation. This average, already 
obtained by Fano, 22 is 

M 2 = W 2 - F(F + 1)][3£>(£> - 1) - 4 F(F + 1 )J(J + l)] 

GF(F + 1)(2 F - l)(2F + 3 ) 

J(J + 1) 

d--- (3.35) 

where D = F(F + 1) — /(/ + 1) + ,/(./ + i). 

One important case F = J + /, M F = F is simple. Here the Stark 
splitting is not affected by the quadrupole coupling. Since it is generally 
possible to observe AJ = 0 transitions for asymmetric tops, it is possible 
to select transitions for which F = J + J, M F = F for both levels of 
the transition. For such transitions the observed frequency shifts in 
the presence of an electric field are not affected by the quadrupole cou¬ 
pling, so that dipole moments may be computed directly from Eq. 3.19. 
Loomis and Strandberg 25 have used AJ = 0, F = J + /, .1 [ F - /,■ 

transitions to measure the dipole moments of deuterated arsine and 
stibine. 

Intensities. In the weak-field case the relative intensities (M F de¬ 
pendence) are: 


Im p — Ql(F + l) 2 — M f 2 \ for A F = ±1, AM F = 0 
= PMf 2 for A F = 0, A M F = 0, 


(3.36) 


where F is the smaller value involved in the transition and P and Q 
aie parameters, independent of \I F , which depend upon the strength 
of the unsplit line. The M F dependence in the strong-field representa¬ 
tion is given by Eq. 3.36 with F replaced by J and M F by Mj where 
P and Q are parameters independent of Mj. The intensities for inter¬ 
mediate fields can be approximated by extrapolation from the strong- to 
the weak-field case. 


3.2. EFFECTS OF MAGNETIC FIELDS 

3 2 “;. * Io ' ecules in 12 State «- Practically all molecules have “non¬ 
magnetic w ground states. The average molecule in the state 
does have, however, a very small molecular magnetic moment (of the 
order of a nuclear magneton) which arises from molecular rotations or 
irom slight contributions from excited “magnetic” states. In addition 
some of the nuclei usually have magnetic moments which are of (he same 
order of magnitude as the molecular moment. When the spins of these 
nuclei are strongly coupled to the molecular frame via the nuclear 
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quadrupole moment, their magnetic moments contribute to the over¬ 
all magnetic moment of the molecule. These small moments are suffi¬ 
cient to cause observable Zeeman effects in the microwave rotational 
spectra of most molecules. This was first shown in the inversion spec¬ 
trum of NH 3 by Coles and Good 9 and has been amply verified by Jen 26 
with a number of significant observations. Fields of several kilogauss 
are usually required to produce resolvable Zeeman splittings of the 
microwave lines of molecules in *2 states. 

Molecular rotational effects. The small magnetic moment associated 
with molecular rotation can be represented bv 


Mr = 9jPiJ, (3.37) 

where gj is the molecular gyromagnetic ratio which is a function of the 
rotational state, (3[ is the nuclear magneton, and J is the angular mo¬ 
mentum vector. For a molecule in a *2 state containing onfy nuclei 
of zero spin, Eq. 3.37 represents the sole contribution to the magnetic 
moment. The energy of interaction with the field H is then -gjfa J H, 
and the allowed energy values (first order) are 

AV U = - gjPiMjH , (3.38) 

where Mj = J, J — 1 ••• — «/. Equation 3.38 with the Bohr condition 
gives the Zeeman splitting of a rotational line J —> J' as 


A, = [-gj f A Mj + ( gj - gj')Mj] 


— QjPi A MjH 


PiH 

h 


h 


- = - 762 gj A MjH, 


(3.39) 

(3.40) 


where the latter form assumes gj « gff and gives Av in cycles per 
second when H is in gauss. This assumption has been found to hold in 
all cases studied except ozone. Mj and gj refer to the lower state and 
gj' to the upper. The selection rules are 

A Mj = 0 for 7r transitions, 

A Mj = zb 1 for a transitions. 

When II is parallel to the electric vector of the radiation field, the tt 
components (Ail/ = 0 transitions) are observed. With the approxima¬ 
tion gj = gj+\, a single undisplaced tt component is observed. When 
II is perpendicular to the E vector of the radiation field, the a com¬ 
ponents are observed. These are spaced (gj0jH)/h above and below 
the undisplaced line. These conditions apply to electric dipole coupling 
to the radiation field, as is the case for pure rotational spectra. When 
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the coupling is through the magnetic vector, the conditions are reversed; 
i.e., the a components are observed when H is perpendicular to the 
magnetic \ectoi of the radiation, and the tv components are observed 
when H is parallel to the magnetic vector. With gj = 1, a field of 
5000 gauss yields a splitting of only 4 Me. Since the g/s usually ob¬ 
served (see Table 3.1) are less than unity, relatively high fields are re¬ 


liable 3.1. Rotational g factors (From Jen. 26d ) 


Molecule 

Transition 

g Value (average) f 

H 2 0 

5 _i — 

— 6_ 6 

0.586 ± 0.012 

NH, 

Inversion 

+ 0.477 db 0.030 

II DO 

5 o — 

— 5i 

0.439 ± 0.009 

NoO 

0 - 

-> 1 

0.086 ± 0.004 

so 2 

7 o, 6 - 

- 81.7 

0.0S4 ± 0.010 

ocs 

1 - 

-> 2 

0.029 ± 0.006 


t Sign uncertain unless specified. 


quired to resolve the simple Zeeman pattern of Eq. 3.40. It appears 
from Eq. 3.39 that the Zeeman effect might be useful in identifying the 
rotational transition in asymmetric tops. In practice, however, the 
structure dependent on M Jt indicated by the last term, is not resolvable 
with available field strengths. A rather large dependence of the rota¬ 
tional gj factor in ozone has been found by Trambarulo, Ghosh, Burrus, 

and Gordy,»« who obtained | t/j \ = 0.15 for the 2 U2 state and 1.54 for 
the 1 j i state. 

When the molecule is non-linear, the gj of Eq. 3.37 may be a function 
of inner quant um numbers. Let us suppose, for example, that the mole¬ 
cule is a symmetric top with a component of magnetic moment QkPiK 
along th e symme try axis and a component y.\0jN (where A T = 

'//(./ + I) - K 2 ) perpendicular to this axis. Then it may be readily 
proved tmm the vector diagram of the processing top that 


gj = 


Ox + (g k — g x ) 


K 


”2 


T 1) _ 


for a turther discussion of molecular g factors, see Chapter 7. 

Although, strictly speaking, Eq. 3.39 or Eq. 3.40 applies only to 
molecules having all nuclear spins of zero, it applies in a practical sense 
to all molecules which do not have a resolvable hyperfine structure 
Since the interaction of the largest known nuclear magnetic moment 
with the largest known w of a *2 state can barely produce a resolvable 
magnetic hyperfine structure, this theory applies approximately to all 
molecules which have no observable nuclear quadrupole interaction 
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This includes nuclear spins of 3 ^ as well as of zero, and certain cases 
^th / > Vi when the eQq is very small. Figure 1.4 shows the Zeeman 
splitting of one of the NH3 lines by Jen. The field polarization was 
such that only a components were observed. 

Because of the symmetry of the Zeeman pattern, the measurements 
do not yield the sign of gj directly. However, Jen has pointed out that 
the sign of gj may be determined by the use of circularly polarized radia¬ 
tion. One or the other of the a components can then be made to disap¬ 
pear, according to the sense of the rotation. Jen 26c has also pointed out 
that the sign of gj can be determined when there is coupling by a nucleus 
of known moment. 

Zeeman effect in hyper fine structure. The Zeeman effect in nuclear 
quadrupole hyperfine structure is important because, among other 
things, it can be used to evaluate nuclear magnetic moments of rare or 
radioactive nuclei. In the present treatment we assume only one nu¬ 
cleus with coupling, and this coupling sufficiently strong so that it is not 
broken down by the fields applied. For this important case the Zeeman 
effect in the hyperfine structure of molecules is completely analogous to 
the atomic hyperfine spectra. F and J are good quantum numbers, and 
the simple vector-model treatment 27 yields the characteristic energies, 26 

E h (1) = — (ajgj + ougrifaMpH, ( 3 . 41 ) 

where 

F(F + 1 ) + J(J + 1 ) - /(/ + 1 ) 

aj = -—-, 

2 F(F + 1) 

F(F + 1 ) + /(/ + 1 ) - J(J + 1 ) 

a/ --, 

2 F(F + 1 ) 

where 

h — J T /, J + / — 1 • • • | J — / | 

Alp = F y F — 1 • • • — F f 

and the selection rules 

AM f = 0 , ±1 


apply. For electric dipole radiation (rotational spectra) the n com¬ 
ponents, A Mp = 0, are observed when the E vector of the microwave 
radiation is parallel to the external H, and the a components, A Mf 
= db 1, are observed when this vector is perpendicular to H. The ener¬ 
gies of Eq. 3.41 are to be added to the zero-field quadrupole energies of 
a given F. For convenience, numerical values of aj and aj are given 
in Table .4.11. 
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When the nuclear cji factor and the spin I are known, Eq. 3.41 can 
be used to evaluate gj. This application has been made by Jen on 
methyl chloride. See Fig. 3.7. He showed that gj in this case is very 
small in comparison with gi. When the gj is thus determined with a 


J=l 


I 

i 


I 

l 

l 

J -0 





Fig. 3.7. 
transition 


Energy-level diagram and Zeeman splitting for the J = 0 —► 1 rotational 
of CII 3 CP. /(Cl 35 ; = H , y 7 (Cl 35 ) = 0.547, and ,, « w (C . 35 ) [From 

Jen, Phys. Rev. 74, 1396 (1948).] 
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holdTnr : ^ “ Umed to a S ood approximation to 

hold for other isotopes of the same element. Equation 3.41 can then be 

app led to determine the g z of the other isotopes which may be unknown 

This application was made by Gordy, Gilliam, and Livingston * to 

determine the magnetic moment of the radioactive element I 129 The 

Sth E 1 I<Xlld , e o'"! firSt f 0Wn t0 be ne S ] ig ibl e by measurements 
vith I . Figure 3.8 shows the pattern which they obtained for one 

of the hyperfine lines. In a similar application, Eshbach, Hillger, and 



Ch'J™ f -T* SPlit 9 / ng * ( r 1 ' 6 hyperfine st mcture of the J = 2 - 3 transition of 
jr o 7nn 2 2 1 F O' Separation of the observed peaks is 2.25 Me. 

1 ~ 3700 gaUSS - ® arS represent calculated lines; curve represents the observed 

spectrum. (From Gordy, Gilliam, and Livingston.*) 


Jen 29 measured the magnetic moment of the stable but rare isotope 

. , , ey esta ;bhshed the sign of the magnetic moment by employing 

circularly polarized microwaves as suggested by Jen. (See above.)' 

The nuclear quadrupole coupling of I 127 is so strong that the Zeeman 
sp itting wit fields of a few r kilogauss is small in comparison. Hence, 
t e ist ok ei theory of Eq. 3.41 should apply in the experiment of 
Gordy Gilliam, and Livingston. 29 They obtained, however, an anoma¬ 
lous splitting of the F = y 2 y 2 transitions at low fields for CH 3 I 127 . 

ihis anomaly has been explained by Jauch 30 on the basis of perturba- 
tions of neighboring levels. 


The lelative intensities of the various Zeeman components of a given 
hypeifine tiansition are the same as those for the Stark components. 
They can be obtained from Eqs. 3.44-3.46. 

Paschen-Back effect in hyperfine structure, f Here we consider only 
nuclear quadrupole hyperfine structure with sufficiently small spacing 
so that the coupling can be broken down completely with attainable 


f Ihis is sometimes referred to as the Back-Goudsmit effect since the strong-field 
case was first observed for hyperfine structure by these observers. 
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magnetic field strengths. (No treatment of the involved intermediate- 
field case will be given, since in measuring g / or gj one can usually adjust 
the field to give either the weak-field or strong-field case.) This includes 
quadrupole coupling of a large number of nuclei such as B 10 , B 11 , N 14 , 
O 17 , and S 33 , which have small, but not negligible, quadrupole moments. 
Some nuclei, such as deuterium, have such small quadrupole coupling 
that their perturbations can be neglected entirely. The nuclear mag¬ 
netic hyperfine structure can likewise be neglected for molecules in *2 
states. Although the nuclear magnetic moments interact strongly with 
the imposed field, this interaction cannot observably perturb the spec¬ 
tral lines with which we are concerned, unless the nuclear spin is suffi¬ 
ciently coupled to the molecular frame to produce an observable zero- 
field hyperfine structure. Direct transitions between the Zeeman 
components Mj can, of course, be detected in the lower radio-frequency 
region (nuclear magnetic resonance spectra) with no coupling between 
/ and the molecular frame. 

Die Paschen-Back effect in the quadrupole hyperfine structure of 
NIT 3 and N 2 0 has been observed and analyzed by Jen. 31 The analysis 
is relatively simple. The quadrupole perturbation energies in the strong- 
field representation are added to the characteristic J H and I H ener¬ 
gies to obtain the total splitting of the rotational energy state as 


Kn = 


—qjMjfriJi — #/// YLgi^hi — 


z 


n /( d V \\ !3.1// - J{J + 1)113.V/,. 2 - /,(/< + 1)1 

eQi \W/ Xv —---(3.42) 


8(2.7 - 1)7,(2 /i - 1) 


'd 2 v\ 


/ \ c 

whe,e \T ^2 7 * or various molecular types is given by Kqs. 2.75 2 7(i 

and 2.77. The .summation is taken over the nuclei with quadrupole 

couplings, all ol which are assumed to he decoupled by the external field. 

The Paschen-Back spectrum of a given rotational transition can he 

obtained from Kq. 3.42 by application of the Bohr condition with the 
selection rules 

A.l/j = 0, ± 1 A M u = 0. 

The selection rule A.l = 0 means physically that the nuclear orienta¬ 
tion does not change in an observable electric-dipole transition. The 
relative orientation ot I and J does change, however, because of the 
change allowed in the molecular orientation. The latter change ac¬ 
counts for the quadrupole splitting in the strong-held case Because of 
the selection rule AM,, = 0 the term in I H (second term on the right 



180 


STARK AND ZEEMAN EFFECTS 


side of Eq. 3.42) is of no consequence here. Small terms in MjMj. are 
neglected. 

The Paschen-Back effect in quadrupole hyperfine structure is illus¬ 
trated by the spectrum of N 2 0 in Fig. 3.9. Note that the a and t 
components of the Zeeman triplet are evident with the smaller splittings 



Zero-field pattern (above) 


Paschen-back pattern (below) 



Fig. 3.9. Theoretical and experimental zero-field and Paschen-Back patterns for 

N 1 »n 14 0, / = 0 —* 1, rotational transition. (From Jen. 31 ) 


caused by the nuclear perturbations superimposed. The gross triplet 
results from the molecular gj factor and is accounted for by the first 
term of Eq. 3.42, which is seen to be of the same form as Eq. 3.38. The 
quadrupole couplings of both N 14 nuclei were broken down by fields of 
8000 gauss. A further increase of field made no change in the observed 
pattern. 

For a discussion of relative intensities in the Paschen-Back effect, 
see the paper by Jen. 31 

3.2b. Paramagnetic Molecules. A few molecules, 0 2 , NO, etc., 
have paramagnetic ground states. These have magnetic moments ol 
the order of a Bohr magneton (^1800 times the nuclear magneton) as a 
result of unpaired electrons. When this magnetic moment is strongly 
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coupled to the molecular frame, as it always is when there is an un¬ 
canceled electronic orbital moment (for example, in the 2 17 .^ state of 
XO), its rotational spectrum is very sensitive to a magnetic field, and 
resolvable splitting can be obtained with only a few gauss. Even when 
the paramagnetic molecule has no orbital moment ( 2 1' as in X 0 2 or 
as in 0 2 ) the electron-spin magnetic moment will be coupled to the 
molecular rotational axis by interaction of the spin moment with the 
weak molecular rotational moments of the types mentioned above for 

states. Because of the large value of the electron spin moment, this 
coupling is sufficient to allow observation of a weak-lield (Zeeman) 
splitting of the microwave spectral lines. The Zeeman splitting of this 
type has been observed in the microwave spectrum of oxygen. 32 Fields 
of the order of a kilogauss break down the internal couplings in paramag¬ 
netic molecules in a ~ state, either wholly or \n part, so that an inter¬ 
mediate-field case or even a Paschen-Back effect might be observed. 
Evidence for a partial breaking down of the coupling in 0 2 has been 
obtained by Beringer and Castle. 33 

If there are nuclei with magnetic moments in paramagnetic sub¬ 
stances, these will couple to the electronic moment. 'Phis coupling will 
« same order of magnitude as the electron spin to molecu¬ 

lar momentum coupling (S-J coupling) for paramagnetic 1' states 
d or '*—) and about 1800 times greater than the nuclear spin to molecu¬ 
lar momentum coupling (I-J) for ‘w states. 

The interaction of the external field with the electron spin or the 
nuclear-spin magnetic moment cannot perturb the rotational energies 
unless these spin moments are in some way coupled to the molecular 
rotational axis. therefore, the small hj a nuclear magneton) of 
molecules in non-singlet - states which arises from molecular rotation is 
of significance in molecular Zeeman effects of paramagnetic molecules 
because it provides a means of coupling ./ with S and, indirectly, ./ with 
/ through the SI coupling. 'Phis coupling, with \ij and the nuclear 
quadmpole coupling, is the only mechanism through which the H I or 
theH-S interactions can perturb the rotational energies of molecules in 

w states. 

Because of the small number of possible applications in the microwave 
region and the diversity of treatments required for them, the Zeeman 
effect of paramagnetic substances will not be treated quantitatively 
heie. Nitric oxide, the only known stable molecule with orbital elec¬ 
tronic momentum not zero, has no rotational transitions occurrino- in 
the microwave region. A few molecules in 2 1 ' and states have'ab- 
sorption frequencies in the microwave region. The most important* of 
these is perhaps () 2 . Exclusive of nuclear effects (which do not occur 
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tional levels ° f the Spin d ° Ublet 0r tri P let of rota- 


in which 


and 


e h = - gPHMj , 

g = J ( J + x ) + S(S + 1) - N(N + 1) 

J (J + 1 ) 

& = Bohr magneton. 


(3.43) 


1 he selection rules Ad Ij = 0, ztl annlv at * i 

.• • J 1 =CA d, PP i y* -Heie A is the number mian- 

p n S tdTi S ,‘h m ^ e | tam ° l ‘ he m °' eCl,le e “ lusi ™ ° f ‘he electron 
P b, and J is the total momentum quantum number. 



spin mmnenlnn N .h , ° XygeU 11 mil K notic S represents tin electronic 

kl’ ’ ™ < '! , . d ' OVe, " e,Kj molecular rotational momentum; J, the total 
angular momentum; M.,, the component of J along the external field. Ellipses in¬ 
dicate the precession of the various vectors 


,Vlua, i°n 3 43 ,s easily derived from the vector model of Fig. 3.10. 
lhe vectors S and N with magnitudes \^(S + 1) and V N(N + 1) 
are coupled through the interaction of the spin and rotational magnetic 
moments and precess about their resultant J (magnitude Vj(j + 1) ), 
while J precesses at a much slower rate (weak-field case) about H. The 

spin magnetic moment as = 2ffVs(S + 1) is along S and has a com¬ 
ponent hj — as cos (S,J) along J. In comparison with as, the rotational 
moment can be neglected in the Zeeman energy. Hence, a// = mj 
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cos (H,J) = 2/3\/ S(S + 1) cos (S f J) cos (H,J). From the geometry of 

J(J + 1) +S(S + 1) - N(N + 1) 


Fig. 3.10, cos (S ,J) = - 


and cos (H,J) 


2 Vj(j + \)VS(S + 1) 

= Mj/y/J{J +1). Substitution of these values in the energy formula 
Eh = hhH yields Eq. 3.43. 

The weak-field splittings of the oxygen line have been studied by Hill 
and Gordy. 326 The g factors observed for the various levels were found 
to be in agreement with those predicted from the above formula. The 
theory of the Zeeman effect in oxygen which allows for decoupling within 
the molecule has been worked out bv Henry. 336 

Hyperfine structure can complicate the Zeeman effect greatly, as has 
been shown by the work of Margenau and Henry 34 on NO. However, 
the Zeeman effect in paramagnetic hyperfine structure might be rela¬ 
tively simple in some instances where the ratios of the various couplings 
are such that the vector-model treatment can be applied. The Zeeman 
effect in the hyperfine structure of a rotational line of N0 2 has been 

111 has not yet been interpreted. 

3.2c. Relative Intensities. The relative intensities of Zeeman com¬ 
ponents are 


f \fj — u./ — EM j 2 

1 = (E'A)(J 


M.j)(,f zb -1/.7 + 1 ) 


./ 




(3.44) 


Imj-+mj — Q\U T l) 2 — Mj 2 \ 


i — (Q 4)(*/ =b Mj -f !)(./ zb Mj T 2) 

^Mj —* Mj ~ Q{J 2 ~ Mj 2 ) 

1 Uj->Uj± 1 = (Q/ 4)0/ T M./)(J T Mj - 1) 


J 


./ T 1, (3.45) 


«/—►./ — 1 



.40 


where / J and Q are parameters independent of Mj. r fhe same rules 
apply either to Stark or Zeeman eflects ot nuclear hyperfine structure* 
weak-tield cas(*s) if ./ is replaced by F and .1/, by M F . 
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4 . SHAPES AND INTENSITIES OF ABSORPTION 

LINES OF GASES 


4.1. THE MICROWAVE ABSORPTION COEFFICIENT 

A straightforward development of the intensity formula for micro- 
wave absorption can be made from the Einstein transition coefficients. 
Consider non-degenerate quantum states./ and ./' in absorbing particles. 
The probability /v_» j' that a transition ./ —* J' will be induced in unit 
time from the lower state J to the higher one ./' by radiation of fre¬ 
quency vjj' and density p(vjj>) is represented by the product 


VJ — J' = Hj - J'p(vjJ'), 


(4.1) 


where Bj is the Einstein coefficient of induced absorption. The 
number of particles per cubic centimeter Xj _ ¥ j> undergoing such tran¬ 
sitions in unit time is 


-+j' = Xjpj _ ,r = Njttj p(p /./')> 


(4.2) 


where A j is the total number of particles per cubic centimeter in the 
lower state J. The number undergoing the reverse transition in unit 
time similarly is 


Aj - j' — A j’[Aj _ ./' -j- Bj j'pivjj')] 


A j'Bj _ j'P^vjj'), 


(4.3) 


in which Bj j> is the Einstein coefficient of induced emission, Aj 
is the Einstein coefficient of spontaneous emission, and Xj> is the number 
of particles in the upper state ./'. At microwave frequencies the coeffi¬ 
cient Aj _ j' is extremely small in comparison with Bj _ j, and can be 
neglected in laboratory experiments.! (The coefficient A increases as 
the cube of frequency and becomes of significance at optical frequencies.) 
Since the induced emission as well as the induced absorption is coherent 

t Emission spectra have been observed, however, in an extended astronomical 
source. 1 
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with the radiation p(vjj>), the net loss of energy density of frequency vjj> 
in time At is 


— Ap{vjj') = hvjj'(Nj ->j' — Nj <_ j’) At 


— hvjj’(NjBj -+j’— Nj’Bj «_ j')p(vjj /) At 


= hvjj>(Nj — Nj')Bj _ j’p(vjj /) At. (4.4) 


In the last form, use has been made of the fact that Bj = Bj 
The absorption of radiation at a given frequency therefore depends 
upon the difference in the populations of the upper and lower states as 
well as upon the Einstein coefficient of absorption and the radiation 
density. The absorption coefficient a is defined as — (1 /P)(dP/dx) 
where P is the power and —dP/dx is its rate of loss with distance. 
Since P = const. X p and dx = c dt, a can be expressed as — (1/cp) X 
( dp/dt ). Hence, from Eq. 4.4 




- Nj.)Bj 




In this expression c represents the velocity of propagation. If thermal 
equilibrium is maintained (radiation density sufficiently low to avoid 
the saturation effect), the Boltzmann distribution law requires 


Hence, 



(4.0) 

(4.7) 


The last approximation holds very well, since at microwave frequencies 
hv <<C kT except at temperatures near absolute zero. Frequently, 
however, the thermal equilibrium is upset by excessive microwave 
power. This saturation effect will be discussed later. It can be shown 
from quantum mechanical perturbation theory (see, for example, 
Pauling and Wilson 2 ) that for plane-polarized radiation 




(./| 1 j') 


2 



For isotropic radiation a factor of 3 must be inserted in the denominator. 
Here the expression in the parenthesis represents the matrix elements 
of the components of the dipole moment \i which gives rise to the transi¬ 
tion. See Sec. 4.4. Substitution of Eqs. 4.7 and 4.8 in Eq. 4.5 yields 



8tt 3 i'jj' 2 Xj 


ckT 


(A n \J') 
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Thus far it has been assumed that vjj> is a single, discrete frequency. 
In actuality this is, of course, not true. Because the line has a natural 
width and is also broadened by the Doppler effect, collisions, and other 
phenomena to be discussed later, the transition J —» J' results in 
absorption over a band of frequencies. Hence, the absorption coefficient 
a v for any frequency v in the band will be less than the aj indicated 
by Eq. 4.5. Therefore, to obtain a v one must multiplj r aj j> by a 
function S(v, v {) ) which depends upon the shape of the absorption line. 
The frequency for maximum absorption (Ej> — Ej) h is now represented 
by v 0 . r Rhe absorption coefficient a v is then 


Sir^Nj . . . . 

a v = - - («/1 (i. \j')S(u, v 0 ). 


(4.10) 


Equations 4.9 and 4.10 apply to plane-polarized radiation, usually 
employed in microwave spectroscopy. 

Equation 4.10 is a general expression which applies to any type of 
absorption line in the microwave region, induced either by an electric 
or by a magnetic dipole coupling. The three factors, Xj, (j| \i \ J') 2 , 
and S, however, vary in form for different substances and for different 
conditions. In the following sections helpful information will be given 
tor evaluating them for the absorption of gaseous molecules. Equation 
4 51 is a specialized form for rotational lines of gases at moderately low 
pressures. Still more specific forms are given in Chapter 2 for particular 
molecular types. 

The total microwave power of frequency v absorbed in a given length 
./■ can be readily obtained from the absorption coefficient by integration, 
as follows: 

r> , .. 

_ P 

d.r or log* — = — 

* o 

rh(M*efore 


r r dl> r 

J/'„ P ~ 


l‘ = Pu< 


— il v f 


(4.1 la) 


or, if the loss in the cell walls, with loss coefficient a c , is included 


l> = /V 


— (ay-\-a c )x 


(4.11 b) 


where /'„ is the input power to the cell and is that remaining after 
transmission of .r distance through the absorption cell. In the derivation 
of the absorption coefficient it was assumed that the propagation in the 
cell travels at the velocity of light c. When this is not true, corrections 
must be made accordingly. Usually this is done by an adjustment of 
(he ellective length, according to the difference of the wavelength in the 
cell from the wavelength in free space. See Eq. 1.13. 
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4.2. LINE SHAPES 


The shapes of spectral lines have long been a subject of theoretical 
interest, a subject intimately connected with the development of both 
classical and quantum mechanical radiation theory. Theoretical treat¬ 
ments usually start with the concept of a single isolated radiating 
oscillator with a “natural” line breadth determined classically by radi¬ 
ation damping and quantum mechanically by the probability of spon¬ 
taneous emission of radiation. This natural line breadth is proportional 
to the cube of the frequency. Although the natural width is important! 
at X-ray frequencies, it is completely negligible—only a fraction of a 
cycle—at microwave frequencies. In observations on gases, the Doppler 
effect usually sets the lower limit to the observable width of microwave 
lines.f For widths greater than the Doppler widths (~50 kc) collisions 
with other molecules (pressure broadening) become the principal factor 
for determining line widths in the microwave region. At very low 
pressures where the mean free path becomes comparable with the 
dimensions of the absorption cell, collisions with the cell walls increase 
Ihe line width. With the usual cell, these wall collisions contribute less 
to the line width than does the Doppler effect. Line breadths in solids 
are treated in Chapter 5. 

4.2a. Doppler Broadening. Doppler broadening is a consequence of 
the motions of the absorbing molecules relative to the detector. If the 
molecular velocity in the direction of observation is y, the molecular 
frequency v () appears to an observer as i' = v Q {\ + v/c), where c is the 
velocity of light. A Maxwellian distribution of velocities for molecules 
of molecular weight 71/ at absolute temperature T gives a line shape 
proportional to e~ (Mr / 2/? D[(*'-»'o)/*'o] 2 w } iere /^ j s t} 10 g as constant per mole. 
The line width 2Av at half-maximum power is given by 


2Av 



= 7.15 X 10“ 7 




(4.12) 


For NII 3 and ICN, with v 0 = 24,000 Me and T = 300° K, the Doppler 
widths are 70 kc to 30 kc, respectively. 

4.2b. Collision Broadening. Pressure broadening is a general term 
covering the various possible contributions to line breadth arising from 
molecular interactions in a gas. At low pressures these interactions are 
best described through the concept of binary collisions. Although the 
word “collision” often has the connotation of a hard-sphere impact, as 
between two billiard balls, measured collision cross sections are functions 

f Special techniques permit one to circumvent this limit (see Sec. 0.1). 
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of the velocities of the colliding molecules, and of the particular molecular 
property disturbed by the collision. Most kinetic theory tables of 
molecular cross sections are derived from viscosity measurements in¬ 
volving the momentum transfer at a collision, whereas line widths are 
directly connected with energy transfer. Hence, observed differences 
in these cross sections are not surprising. 

Line shape functions. Certain aspects of collision broadening may be 
treated without any knowledge of the details of the intermolecular 
forces responsible for the collisions, provided only that the collision 
duration is small as compared with the mean time r between collisions. 
Classical 3 and quantum mechanical 1 derivations are equivalent. Lo- 
rentz 5 and Van Meek and Weisskopf 3 assume an assemblage of har¬ 
monic oscillators whose frequency is u () . The oscillators are interrupted 
momentarily at random times about a mean time r. The conditions 
immediately after the collision differ in the two theories. Lorentz 
assumes random oscillator energies, whereas Van \ leek and Weisskopf 
assume a Boltzmann distribution of energies. Experiment has sub¬ 
stantiated the latter form of the theory. The Van Meek-Weisskopf 
expression for the line-shape function is 


r 0 ) = 


w lie re 


TTU 0 


Au 
2 


+ 


Au 


Ai' = 


Oo ~ v ) T + */)“ + Au 2 J 


1 


(4.13) 


2tt 


(4.14) 


r = the mean time between collisions. 
vq = the peak resonant frequency. 

The Van Vleck-Weisskopf shape function, Eq. 4.13, also depends upon 
the condition, valid in microwave spectroscopy, that the duration of the 
collision (^10 12 second) is short as compared with the period of 
oscillation (—3 X 10~ n second) of the microwave radiation. This 
condition is reversed in the optical region, where many periods of oscil¬ 
lation are executed in the duration of a single collision. For relatively 
sharp lines such as are commonly observed in the microwave region 
and where v « v ih the last term of Eq. 4.13 becomes negligible as com¬ 
pared with the first, and the equation reduces to the Lorentzian shape 
function, 


1 

V 0 ) = - 
7r 


A 


L(r 0 — v ) 2 -f Av 2 \ 


(4.1 5a) 




190 


LINE SHAPES AND INTENSITIES 


At the resonant peak (v = z> 0 ) Eq. 4.15 becomes simply 


S = 


(4.156) 


ttAv 


Irom Eqs. 4.10 and 4.13 it is evident that lor low pressures where the 
second term of Eq. 4.13 can be neglected, 2Av is the line width between 
the half-power points. It is to be noted that the contour of Eq. 4.13 is 
higher in the wings of the line than is the contour arising from Doppler 
broadening, Eq. 4.12. When the resonant frequency vq approaches zero, 
the line shape reduces to the Debye non-resonant absorption curve. 6 
The adequacy of Eq. 4.13 at medium and low pressures may be judged 
by the agreement between theory and experiment in Fig. 4.1. 

Over a wide range of pressures it is experimentally observed that Av 
is proportional to pressure, in agreement with considerations of kinetic 
theory, Eq. 4.16, and that vq is independent of pressure. In the low- 
pressure region where Eq. 4.15a is valid, these conditions on Av and v () 
result in a pressure-independent peak absorption at the center of the 
line. Equation 4.13 is valid for O 2 for pressures ranging from a fraction 
of a millimeter 9 of Hg to atmospheric pressure. 10 The fine structure 
line widths at low pressure yield an average of 0.04 cm _1 /atm (if line 
width is assumed proportional to pressure), whereas those on the inte¬ 
grated absorption at one atmosphere by Strandberg, Meng, and Inger- 
soll 10 and by Lamont 10 yield for Av 0.015 and 0.02 cm _1 /atm, respec¬ 
tively. The earlier work of Beringer 10 at atmospheric pressure, how¬ 
ever, gave Av in the range of 0.02 to 0.05 cm“7atm. For ammonia the 
proportionality of Av to pressure and also the constancy of v 0 holds only 
up to a pressure of about 30 cm of Hg. Above this pressure the data 
can be fitted to a curve of the form of Eq. 4.13 if Av is assumed to be¬ 
come nearly constant, with allowed variations from 15,000 Me to 21,000 
Me in the pressure range of 60 to 380 cm of Hg. In the same range the 
apparent resonant frequency drops rapidly from 13,000 Me to zero. 8,11,12,13 

Margenau 14 and Anderson 15 give a semi-quantitative explanation of 
the pressure variations for NH 3 , particularly of the shift in resonant 
frequency. They find that as a result of mutual interactions the system 
of two stationary NH 3 molecules has two inversion frequencies, dis¬ 
placed, one above and one below the unperturbed frequency. As the 
perturbation is increased the low-frequency inversion approaches zero 
frequency and also becomes more intense than the high-frequency 
inversion. High pressures with small free paths correspond to strong 
perturbations; hence the observed shift in resonant frequency with 
pressure. Other theories involve consideration of multiple collisions. 8,11,1 " 
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Bleaney and Loubser 11 have investigated the broadening of inversion 
resonances in CH 3 C1 and CH 3 Br. These resonances occur at essentially 
zero frequency but cause absorption at high pressures in the microwave 



23,700 23.750 23,800 23,850 23,900 23,950 24,000 

Frequency, in megacycles 


(a) 



° Experimental points 
— Calculated curve 



Fkj. 4.1. Comparison of observed and theoretical line shape of the 3,3-NIl 3 line 
(tC) at pressures of 0.27 and 0.83 nun of Ilg (from Townes 7 ) and (/>) at 10 cm of 11 ^ 

(from Bleaney and Penrose 8 ). 


region since the line widths are comparable with the frequency. The only 
other line for which extensive data are available is the G If 6 —> ,>/ 3 
transition of II 2 () measured by Becker and Antler. 16 This line is well 
isolated from other 1I 2 0 lines, but, if its center is fitted by Eq. 4.13, the 
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intensity in its wings is too great. This anomaly has not yet been 
explained. 

Line widths and collision diameters. The mean collision time r may be 
related to the molecular diameter b and the collision cross section 
a = T?b 2 by the kinetic theory relations, 


r 



2 Ay = Nvi t2 b 2 , 


(4.16) 


where A is the molecular density and V\ t2 is the mean relative velocity of 

the colliding molecules. For a fixed temperature, y lt2 and a are constant- 

while A is proportional to the pressure. This accounts for the observed 

piopoitionality of Ay to pressure, already mentioned. The temperature 

dependence is more complicated, as A r , i> 12 , and even a are temperature 
dependent. 

Observed line widths and collision diameters for self-broadening of 
■\aiious gases are listed in Table 4.1. Collision diameters for the 3,3 
line of NH 3 in mixtures with different gases, and for the J = 8 -> 9 
line of 0 2 in gas mixtures, are listed in Table 4.2. Table 4.3 shows the 


Table 4.1. Line-breadth parameters and collision diameters for self¬ 
broadening at room temperature 


Gas 

NH 3 

IC1 

ocs 

HCN 

C1CN 

BrCN 

ICN 

PF 3 

CHF 3 


ch 3 f 

h 2 o 

cii 2 o 

Go 


Transition 

J = 3, K = 3 
J = 5, A = 1 
J = 3 -> 4 

F = "A —> 

.7 = 1 —> 2 
J = 0 —* 1 
J = 1 -> 2 
J = 2 —> 3 
J = 3 —> 4 
./ = 1 —> 2 
J = 1 -> 2, K = 11 

K = Of 

./ = ()—> 1 
J = 5_i > 0_5 

A' = l(-) 

A = 3(+) 

A = 7( + ) 

A = 21( —) 


Static 

Dipole 

Moment 

Ay 

(Mc/mm 

b (Angstroms) 


(Debye 

of Hg) 

Micro- 

Kinetic 


units) 

Observed 

wave 

Theory 18 

Ref. 

1.44 

27 ± 2 

14 

4.43 

7,8 

1.44 

11.5 ± 2 

9 

4.43 

8 

0.65 

5.5 db 1 

11 


19 

0.71 

6.0 ± 1 

9 


20 

2.96 

25 

15 


21 

2.80 

25 ± 4 

19 


20 

2.94 

21 ± 3 

20 


20 

3.71 

20 ± 3 

21 


20 

1.03 

16 

16 


22 

1.59 

18 dr 1 

16 


22 

1.83 

20 

14 


22 

1.84 

14 dr 1.5 

10 


23 

2.31 

10.3 dr 1 

10 


24 

0 

2.53 

5.0 


33 a 

0 

1.71 

4.1 

3.61 

27 

0 

2.05 

4.5 

3.61 

27 

0 

1.26 

3.5 

3.61 

27 
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large variations of line width with rotational state that occur in the 
ammonia inversion spectrum. These line widths arise from intermolec- 
ular forces and are calculable in simple cases. They show good agree¬ 
ment with observed values for ammonia self-broadening, 30 but poorer 
agreement in certain other cases. 


Table 4.2. Collision diameters for mixtures of various gases with 
INH.itJ = 3, K = 3) and with O= 8 —► 9) at room temperature 


1 




/ 

> (Angstroms) 


Colliding 

Molecule 

M2 

(Debye 

M2 t 
(Debye 

Nil 3 

O 2 


units) 

units) 

Micro- 

Anderson’s 

Kinetic 

Micro¬ 

Kinetic 




wave 

Theory 26 

Theory 18 

wave 27 

Theory 18 

NHs 

1.44 

0.78 

13.8 25 

14.0 30 

4.43 

4.3 

4.02 

Ifc 

0 

0 

2.00 

2.15 

3.31 



A 

0 

0 

3.73 

3.42 

4.04 

3.6 

3.63 

h 2 

0 

0 

2.95 

2.57 

3.59 



n 2 

0 

0 

5.54 

3.39 

4.09 

3.8 

3.08 

0 2 

0 

0 

3.80 

3.35 

4.02 

3.4 to 4.0 

3.61 

CO 2 

0 

0 

7.59 1 


4.51 



ocs 

1.71 

0 

7.50 





cs 2 

0 

0 

7.72 





n 2 o 

0.25 

0 

7.32 2-J 


4.35 

4.4 

4.15 

HCN 

2.90 

0 

10.0 





C1CN 

2.80 

0 

11.9 





CH 3 C1 

1 .87 

0.47 

11.3 





CH 2 CI 2 

1.59 

0 

10.3 





CII Cl 3 

0.95 

0.57 

13.7 





ecu 

0 

0 

7.20 





SO 2 

1.7 

1 

0 

10.4 






1 An average, weighted according to population of rotational states. 


Examination of the tables shows that many microwave collision 
diameters greatly exceed kinetic theory values. A rough correlation 
with the static dipole moment is also apparent; large dipoles yield large 
diameters and broad lines. For a given static dipole moment, a sym¬ 
metric-top molecule generally has a larger line width than has a linear 
molecule. Microwave collision diameters of () 2 generally more nearly 
approximate kinetic theory values than do those of XII 3 . 

The detailed derivation of line widths from intermolecular forces is a 
complicated problem which has attracted the attention of many theo- 
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rists. The general nature of the problem, however, is straightforward. 
A molecule in an ideally sharp energy state is disturbed by the force field 
of a passing molecule which may shift the energy state by a Stark effect 
interaction, or may induce a transition to some other energy state. Both 
the energy shift and the transition probability may be calculated by 
time-dependent perturbation theory, and both contribute to the ob¬ 
served line breadth. The Stark perturbation broadens the line in an 
obvious manner, whereas the induced transitions decrease the lifetime 
in the eneigy state and produce a broadening based upon the uncer¬ 
tainty principle. This principle may be stated in the form t-AE~ h/ 2tt. 
Hence, Av = AE/h ~ when r is the lifetime in the state. 

Line-width calculations are most reliable when there are only a few 
impoitant interactions and when the collision diameter is much greater 
than the kinetic theory diameter so that the molecules may be assumed 
to travel in straight-line paths undeflected by the microwave “collision.” 
Symmetric-top molecules possess permanent dipole moments directed 
along their figure axes; hence they have strong, long-range interactions 
and large collision diameters. It is only for this class of molecule that 
calculations of line widths are in a satisfactory state. However, approxi¬ 
mate analyses of the fairly long-range dipole-quadrupole moment inter¬ 
actions have led to determinations of quadrupole moments 25,29 which 
hitherto had been measurable only for ll 2 and D 2 (by molecular-beam 
techniques). 31 Other intermolecular forces, such as the quadrupole- 
quadrupole, 17 the dipole-induced dipole, 30 and the quadrupole-induced 
dipole, 26 have also been investigated. 

I aviation of line breadth with rotational state. Oxygen and ammonia, 
because of the special origin of their spectra, are the only molecules 
having microwave spectral lines in the entire range of significantly 
populated rotational states. The line breadths of most of the NH 3 lines 
have been measured accurately by Bleaney and Penrose. 28 It was 
found empirically that the J and K dependence can be expressed by 
the simple formula, A^ cc [K 2 /J(J + 1)]^. P. W. Anderson 30 has 
given a theoretical explanation for the observed breadths. He showed 
that the significant matrix elements in the interacting Hamiltonian 
(dipole-dipole interaction) which do not vanish correspond (1) to the 
first-order “Stark effect” interaction (J —> J matrix elements) and (2) 
to rotational resonance effects involving J —> J zb 1 matrix elements 
(collisions of absorbing molecules in state J with perturbing neighbors in 
state J zb 1). Table 4.3 compares his calculated values with those 
measured by Bleaney and Penrose. 

R. S. Anderson, Smith, and Gordy, 27 who measured the individual 
oxygen lines as a function of the rotational quantum number N, also 
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found evidence for broadening caused by rotational resonance (inter¬ 
actions involving N —> N db 2 matrix elements). Their plot of the 0 2 
line breadth shows a slight maximum in the region of the most densely 
populated states. The plot of the data was found to fit the semi-em¬ 
pirical relation, 

A„/c = Cj + C 2 N~' a + C a [f(N - 2) +f(N + 2)], 


with the constants C\ = 0.033, ('■> = 0.010, and C 3 = 0.050cm Vatm. 
The rather large constant C\ can arise from short-range interactions of 


Table 4.3. Illustration of the variation of line-breadth parameter with 

rotational state: the NH 3 inversion spectrum 

Ay (Me/mm llg) 

./ K Observed 28 Theoretical 30 


0 

1 

15.5 

15.5 

3 

1 

14.5 

14 

3 

2 

19 

20 

3 

3 

27 

27 

4 

4 

27 

27.5 

5 

1 

11 

11 

5 

2 

15.5 

15 

5 

3 

20 

20 

5 

5 

28 

29 

0 

3 

18.5 

17 

6 

4 

21.5 

21 

6 

() 

28 

29 

7 

0 

24.5 

99 

— — 

i 

0 

23.5 

20 

8 

7 

24.5 

20 

10 

0 

25 

27 

11 

9 

17.5 

24.5 


different types, including polarizability. The second term includes the 
(luadrupole-quadrupole interaction terms calculated by Mizushima. 17 
The third term, which is proportional to the fraction of molecules 
J'(N — 2) and f(N -f 2) in the neighboring states, N -f- 2 and N — 2. 
evidently results partly from rotational resonance. Oxygen line widths 
have been measured by several researchers. 3,0 All the data are not in 
agreement. 

Johnson and Slager 3,6 measured the breadths of pure rotational lines 
ot the linear molecule (K’S tor transitions ranging from J = 1 —> 2 to 
~ ~* 8- They found the line breadths to increase with J in the region 
trom about 0 to 11 Me per mm of Hg. This increase probably results 
partly from rotational resonance. 
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Temperature dependence of line widths. Over the pressure range in 

which line breadth is directly proportional to pressure, A v can be ex- 
pressed as 

to = (A«0 1 P mm (3OO/7 , ) I l (4.17) 


heie (Ap)j is the line breadth at one millimeter of Hg pressure and room 
temperature (300 K), and T is the absolute temperature at which Av is 
measured. There is some uncertainty as to the temperature dependence 
of the line breadth. “Hard sphere” kinetic theory indicates that the 
exponent .r should be whereas a single experiment by Howard and 
Smith 3 ~ suggests that it should be near unity for dipole-dipole collision 
broadening. This result is in agreement with the theories of Anderson 30 
and of Margenau 33 which predict that the collision cross section should 
vary inversely as the impact velocity and hence that Av should vary 
inversely with temperature. (Since Av = N(jv/2t and N cc P/T 
v oc 1 he temperature dependence of Av will vary somewhat with 

the nature of the interacting forces of the colliding molecules. 

Johnson and Slager 316 have found the rotational lines of OCS to vary 
in width approximately as T~ y \ Beringer and Castle 3Ia observed that 
the width of paramagentic resonance lines of 0 2 varied as T~' 4 to T~ l . 
The measurements of Hill and Gordy 340 on several 0 2 lines indicate a 
variation as T 1 , approximately. In the various intensity formulas in 
this book we have assumed a T~ l variation of line breadth, which at 
present seems most probable. More work on this subject is needed, 
particularly on the experimental phase. 

Broadening by collisions with cell walls. When any dimension of the 
cell is comparable with the mean free path in the gas, collisions with cell 
walls become significant in the determination of line breadths. For a 
waveguide cell of dimensions a and b the line width between half-power 
points, 2Av, resulting from collisions with cell walls alone is 


2Av ~ 10 


a -f- b 
ab 



kc, 


(4.18fl) 


where T is the absolute temperature, M is the molecular weight, and 
a and b are the cross-section dimensions of the cell in centimeters. When 
only one dimension is so small as to be comparable with the mean free 
path, as is usually the case with Stark cells, this expression reduces to 

10 / T\* 

2Av « — (—) kc. (4.18b) 

a \M/ 

For the light molecule HCN, at room temperature, with T = 300 and 
M = 27, in a typical .r-band Stark cell a = 0.50 cm, the broadening 
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produced by collisions with cell walls is about 65 kc. For AsF 3 under 
the same conditions the cell broadening would be about 30 kc. 

The form of relation 4.18 follows simply from the width factor Au 

= ~— (Eq. 4.14) if r, the mean lifetime in the state, is taken as the 


7TT 


mean time for collision with the cell walls. Rather tedious integrations 
are required for establishment of the exact scale factor. The scale 
factor used here is that calculated by Johnson and Strandberg. 34 '' 


4.3. SATURATION EFFECT 

The absorption of monochromatic radiation by a gas is a process that 
tends to destroy thermal equilibrium among the various energy states. 
In optical spectroscopy the interchange of energy between states is suf¬ 
ficiently rapid in comparison with the rate of absorption of light that 
departures from thermal equilibrium are unobservably small. In the 
microwave region, however, at low pressures and high energy densities 
the departure from thermal equilibrium is so pronounced that the rate 
of absorption of energy becomes independent of the density of incident 
energy, rather than directly proportional to it as is the usual case. This 
effect is appropriately termed the saturation effect.! Il was first noticed 
in the microwave region by Townes 7 and by Bleanev and Penrose. 8 A 
simple treatment follows, only transitions from a non-degenerate lower 
state .7 to the upper state ./' being considered. A combination of Fqs. 
4.7, 4.10, and 4.15 yields 


a(v) = 


8tt 2 

tic 


(j I p- ] -n 2 (N'j - N'j f ) 


Au 


(c - „ 0 ) 2 + Ai > 2 


(4.19) 


where A 'j is the population of the lower state, and X'j> is the popula¬ 
tion of the upper state. For thermal equilibrium (no primes on N) Nj 
and Nj> are related by Eq. 4.0. 

If P is the power density incident on the gas in erg sec -1 cm -2 , 
multiplication of a(v) by P/hv yields the rate of removal of mole¬ 
cules per cubic centimeter from state ./ to ./' by absorption of radia¬ 
tion. This rate must be equal to the rate of restoration of the popula¬ 
tion to that for thermal equilibrium bv collisions. It is approximatelv 
A"./' - AT A", - X, 


2 r 


so 


t hat 


a(u)P 1 

-7— = -\(Xj ~ X'j) - (A> - A"./')) 


2 7 


(4.20) 


t The phenomenon is similar to saturation in nuclear induction 
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Heie t is the mean time between non-elastic collisions resulting in 
transitions to different states for the molecules participating and is 
assumed to be the same for molecules in both states J and This 
equality is indicated for ammonia, the only molecule thoroughly in¬ 
vestigated. In the limit of complete saturation N'j* = N'j, and Eq. 
4.20 becomes 



hv 

— (Nj - Nj 0 



(4.21) 


Ihus the maximum power absorbed is one quantum per molecule per 
collision multiplied by the excess probability of finding the colliding 
molecule in the lower state after the collision. This maximum power 
increases with the square of the frequency, and hence the effect is un¬ 
observable in the optical region. 

At complete saturation the loss in power density per centimeter of 
length at the resonant frequency is given by 


AP 0 = 


ch 2 (Av) 2 a(v 0 ) 
8tt(./| \l J') 2 


= 0.51 X 10~ 43 - — a( " o) 

(J | K- \J ') 2 


erg/sec/cm 


(4.22) 


Here a(v 0 ) and Av refer to the condition of no saturation. For APo in 
milliwatts per square centimeter per centimeter of length, /x in Debye 
units, and Av in megac 3 r cles, the coefficient of proportionality becomes 
5.1. For incident power densities less than that required for complete 
saturation, a decreases faster with increasing P at low incident power 
levels than near complete saturation, and the product aP for partial 
saturation is always less than its value at complete saturation. 

For low pressures and incomplete saturation, Karplus and Schwinger 4 
show that the shape factor of Eq. 4.15 should be altered to the form 


1 

S = - 

7r 


Av 


- *o) 2 + (Av) 2 + Bj _> j'P/ctt 2 ] 


(4.23) 


where B is the Einstein absorption coefficient, Eq. 4.8, and P is the 
power density. The shape factor, Eq. 4.23, reduces to Eq. 4.15, when 
P is zero. Bleaney and Penrose, 35 and Carter and Smith, 36 working 
with ammonia, have experimentally confirmed the validity of Eq. 4.23, 
suitably modified from its plane-wave form above to the forms for 
cavity and waveguide systems, respectively. The observed saturation 
for the 3,3 line of NH 3 is shown in Fig. 4.2. Conditions were adjusted 
so that figures a and b would be identical in the absence of saturation. 
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Lhe center line <>t b is saturated while the satellites, with smaller transi¬ 
tion probabilities, remain unsaturated. ('onfirmatory data were* earlier 
obtained by Lowries, 7 and by Pond and ('annon. 37 The latter workers 
investigated the saturation effect at still lower pressures where the Dop¬ 
pler broadening is important. Originally tlie data seemed to indicate 
that r was not identical to I (12—_Xi >), but Karpins and Schwinger l - 3S - 39 
showed that the apparent discrepancy was due to neglect of the /(‘(‘man 
degeneracy ot the transition; i.e.. for the R.R lira' of NIL* in question. 



b(i. 1.2. I llu>t i at ion ol saturation broadening. Tin* line of Nil 
adjusted for approximately constant height and pressure held constant, 
cell is l.o X 10 0 watt; (b) input to cell is 150 X 10 watt. (From 

Smit h.L 


:i with gain 

a) Illj)Ut to 
( ’art(*r and 


l lie absorption coefficient is the sum of three components corresponding 
to Mj = 1. 2. and T Saturation of each of these must b<* computed 
separately and then averaged. When this is done, r is found to be iden¬ 
tical with I 2irSv ). within the e\perim(*ntal error of 10 to 20 pci- e(*nt. 

1 his fact may In* interpreted by saying that “collision*' contributions 
to impact broadening are identical wit h “collisions'* red is! ributim*- a mom* 
mol(*cul(‘s the en(*rgi(*s corresponding to tin* microwave transitions. 


t.i. dipoli;-momi;m m\iki\ elements 

I ,(),n 1*0- I lb *t is seen that the absorption coefficient has a factor 


./ u J'r 


./ 


M.V 


■r,r 


-t- I 


./ fj.)- ./ , 1 “ 


./ 




*/'r\ 


1.21 


\% here Mv , and g/ are the components of the dipole along the space- 
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fixed axes. This factor is the basis of selection rules governing the tran¬ 
sitions. AA lien all components of the dipole matrix element are zero for a 
given tiansition, the transition is “forbidden”; when any components 
lemain, the transition is “allowed.” It is also apparent from Eq. 4.10 

that the line intensities are proportional to the square of the non¬ 
vanishing matrix elements. 

In the general case in which the molecule has permanent dipole com¬ 
ponents fi a , and n c along each of the principal axes of inertia, and the 

lotational wave function is the dipole matrix elements can be 

expressed as 


(/, i , il/| /i/ | i', M') — fi (l j*\J/j cos dr 

+ M6 J ,i,M COS cIt + h c J tj'i'M cos ,i',M> dr, (4.25) 


where / = X, Y, or Z represents a space-fixed axis. The angles a fa , a fb , 
and a/ c are the angles between the space-fixed axis and the axes a, b, and 
c in the molecule. 

In a linear molecule the dipole moment must of necessity be along 
the bond axis. The components along the space-fixed axes are then 


mx = m sin d cos 0, 
Mr = m sin 6 sin 0, 


mz = M cos 6. 


AVith the rotational wave function of a rigid linear rotor (see Chapter 2) 
the dipole matrix elements are found to vanish except when J = J' ± 1 
and M = M' or M' ± 1. The only components of interest here 
are the J' = J + 1 components which correspond to the absorption of 
radiation. These are 


(./, M\ i±z | J +1, M) = n 
(J, il/| HX + lHY J + 1, M — 1) 



(J + 1 + M)(J + 1 - M) 


(2 J + 1)(2 J + 3) 


— i 


(4.2G) 



(J + 1 - M)(J + 2 - .1/) 
(2 J + 1)(2 J + 3) 


(J , nx ~ 1 v-y J + 1 , M + 1) 


(4.27) 


(J + 1 + M)(J + 2 + M) 


= M 


V (2J + \){2J + 3) 


(4.28) 
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The first expression corresponds to the absorption of the component 
of the radiation which lies along the reference Z axis. It is readily 
apparent that 

hx + ivy = m sin 6 c 1 *, 


fix — ifJ-Y = m sin 0 e 


— i<p 


The M —> M db 1 transition corresponds therefore to absorption of ra¬ 
diation which is circularly polarized in the XV plane. The two com¬ 
ponents are equal in amplitude. They arise from dipole components 
which have the same amplitude (m sin 6) but which rotate in opposite 
directions (<t> and — 0). 

If non-polarized radiation is employed and no external field is im¬ 
posed, the total absorption is proportional to the sum of the squares of 
the matrix elements summed over all values of .1/ and all directions of 
space. The result is 


M=J 

E (J,M 

M = -J 


M —J 


MZ 


J + 1, M) 2 + h E (J, -V m.y + i»Y l) 2 

M = - J 


M=J 


+ h E (J, M\ HX - ii*r \j+ 1, M + l) 2 = mV+ 1) (4.29) 

M = - J 

Since plane-polarized radiation is generally used in microwave spec¬ 
troscopy, only one of these components is observed, and the “micro- 
wave line strengths” are proportional to 


M = J 


E 0A M\ MZ \J + 1, M) 2 = JmV + 1). 


( 4 . 80 ) 


M = - J 


W hen the M degeneracy is lifted by an external electric field, the squared 
matrix elements to be used in Eq. 4.10 to obtain the absorption coeffi¬ 
cients of each component (if plane-polarized radiation is assumed with 
the alternating electric vector parallel to the external £) are 


(./, M nz ./ T 1, M)~ — 


(J + l) 2 - M 2 


(2./ + 1) (2.7 + 3) 


(4.31) 


Hie dipole matrix elements for a symmetric-top molecule may be 
obtained from the wave functions of Eq. 2.30. When, as usual, the 
dipole moment lies wholly along the symmetry axis, the only non- 
vanishing components 40 correspond to AJ = 0, =bl, AK = (), AM = 0, 
4=1. Only the squared M —> M components 40 are given here since 
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these are the ones generally needed in microwave spectroscopy. The 
appropriate formulas are 


(J,K,M\nz\J + 1 ,K, Mf 


2 [{J + l) 2 - M 2 ][{J + 1)* - K 2 ] 
M {J + 1) 2 (2/+ l)(2/ + 3) 


and 


Z (J,K, M\p z \j+ l,K, M) 2 

M = — J 



(. J + l ) 2 - K 2 
(•/ + 1 ) 


(4.32) 

(4.33) 


The latter expression is to be used for the squared dipole matrix element 
in Eq. 4.10 when plane-polarized radiation is employed with no field 
applied. The former is used when the M —> M components are re¬ 
solved by an external field. 

Sometimes the K components of a symmetric top are unresolved. 
The integrated intensity is then proportional to the squared matrix 
elements summed over K, 


E Z (J, K, M\ m\J +\,K, M) 2 

M= -J K= — J 


(2 J + 1)(2 J + 3) 


9 


(4.34) 


Equation 4.34 is particularly convenient to use since no nuclear statisti¬ 
cal weight factors enter the final intensity formula. 

For an inversion transition of a symmetric-top molecule the squared 
matrix elements are 


(J .; K~, M\ ixz \J , K + , M) 2 = 


KM 


-lO 


V J(J + i) j 



'z (j, K-, M\ nz I J, K+, M) 2 

M= - J 


2 (2J + 1)K 2 
M 3 J(J + 1) ’ 


(4.36) 


The symbols + and — represent the two inversion states. 

The matrix elements for an as 3 r mmetric rotor cannot be expressed in 
closed formulas except for very low J values. They can be obtained 
for certain asymmetries for J up to 12 from the line-strength tables of 
Cross, Hairier, and King. 41 The most frequently needed .1/ —» M 
components are 


(J, T, M I \i g I J + 1, /, M) 


(.j + I } 2 - M 


2 


= Mg 


(J + 1)(2 J -b 1)(2,/ + 3) 


\ g (J, r;J + 1, r'), (4.37) 
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M 2 


(J , T, M\ \Lg Jj T , j\f) — /ig 

(J, r, M\ ^ \j - 1 , r', M) 2 


J (2 .7 + 1)(./ + 1) 


T \ J, T ')> (4.38) 


J 2 - M 


= Mg 


.7(2.7 - 1)(2.7 + 1) 


Ag(J, t; .7 - 1, r'). (4.39) 


When no field is applied, the expression to be used for polarized micro- 
wave radiation is 

M = j 

2 (J ) T i 4/ M-g |*7 , t , M ) 2 = 3 ng 2 \ s (J f t\J ,r ). (4.40) 

m = — J 

The g = a, b, or c designates the dipole components along the three 
principal axes of inertia. The A/s represent the “line strengths” N 4> j 2 
tabulated by C’ross, Mainer, and King . 41 and are the squared direction- 
cosine matrix elements summed over the three directions of space and 
over-all values of M and M'. 

The effects of nuclear hyperfine structure are neglected in the cal¬ 
culation of the matrix elements given above. When there is resolv¬ 
able hyperfine structure, the absorption coefficients of the individual 
components are proportional to squared matrix elements of the form 
(.7, i, F, My p. .7, i t Ff My) 2 . However, it is customary, and easier, to 
calculate the integrated intensity of a given hyperfine multiplet with 
the matrix elements given above (which ignore nuclear splitting) and 
then to divide this integrated intensity among the different hyperfine 
components in proportion to their relative intensities as given by 
Eq. 2.91. (These are tabulated numerically in the Appendix, Table 
A. 10.) A similar procedure is often followed for the Stark and Zeeman 
components; nevertheless, the M dependence of the matrix elements is 
given above, since they are useful in the calculation of the Stark split¬ 
tings in Chapter 3. 


4.5. POPULATION OF ENERGY STATES 

For a system in thermal equilibrium, the population of each energy 
state is proportional to a statistical weight factor q n multiplied by the 
Boltzmann factor e~ EJkT . The sum over all states £ (JnC~ En/kl is desig¬ 
nated as the partition function Q. n 

In pure rotational spectra commonly observed in the microwave 
region, one makes observations on molecules in a particular vibrational 
state, usually the ground vibrational state. For most molecules studied, 
however, vibrational states other than the one considered have signifi- 
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cant populations. Hence, in calculating intensities one must know the 
fractional number of the molecules which are in the particular vibra¬ 
tional state for which the measurement is made, as well as the number 
in the lowest rotational state of the transition. In almost all studies of 
microwave rotational spectra, one can assume that all the molecules 
are in the ground electronic state. For a molecule which has a total ro¬ 
tational quantum number J and an inner quantum number i, the popu¬ 
lation per cubic centimeter of the lower rotational state J, i is 


Nj, f = N 


F v ge 


— E(J, x)/kT 


Qr 


(4.41) 


where N = 


F v 

Qr 

E(J, i ) 


9 = 

T = 
k = 


total number of molecules per cubic centimeter. 

9.68 X H) 1K (/ J , n ,n /T), where P mm is the pressure in milli¬ 
meters of Hg. 

traction of molecules in the vibrational state considered, 
the rotational partition function defined in Art. 4.5a. 
rotational energy of the state./, i (given in Chapter 2). 
weight factor for degeneracies associated with the inner and 
outer quantum numbers. (See Art. 4.55.) 
absolute temperature. 

Boltzmanns constant = 20,840 Mc/degree = 0.6951 
cm -1 /degree. 


In Eq. 4.41, the fractional population F v of the vibrational quantum 
state is given by 

— E v /k r 

’ (4.42) 


Fv = 


9v? 


Qv 


where g v is the statistical weight {g v = J for non-degenerate levels; g v 

= d for d-fold degenerate levels). 

Fj v = the energy relative to the ground vibrational state. 

n v is the vibrational quantum number, 
a;,, is the vibrational frequency. 

Q v is the vibrational partition function defined in Art. 4.5a. 

If the lowest vibrational frequency is more than 1000 cm -1 , F v is unity 
to within one per cent for the ground vibrational state at room tempera¬ 
ture. 

Equation 4.42 is useful in deducing unknown vibrational frequencies 
from the measured intensities of microwave spectra. For example, 
Strandberg, Wentink, and Hill 42 determined the vibrational frequency 
w 2 of OCSe from relative intensity measurements. 
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4.5a. The Partition Functions. The vibrational partition func¬ 
tion for a molecule is 


CO 


Q, = £ C 

71=0 


— h(n icji +n2^2 + • • *)/kT 


(4.43) 


where the vibrations are assumed to be harmonic, the vibrational 
energy is relative to the ground vibrational energy, and each member 
of a degenerate set of frequencies is counted separately. The infinite 
sum in Eq. 4.43 may be expressed as the finite product 

Q v = II (1 - 

V 

Here, again, the product is taken with each mode of vibration counted 
separately. U there are g v frequencies, co tJ , which are identical, the 
partition function may be written as 


Qv= II (1 - e ~ hw " /kT ) 


(4.44) 


l> 


where, now, eacli different frequency is counted only once. 
For a linear molecule the rotational partition function is 


A f// (2 J +_0 

./=() O’ 


q _ n -hBJ<J + i)/kr 


(4.45) 


Here (jj is the reduced nuclear statistical weight, and a is the symmetry 
number, defined to be unity for non-linear molecules having no axis of 
symmetry and p for those with a p-fold axis of symmetry. For electri¬ 
cally polar linear molecules both a and <ji are unity. An expansion of 
Eq. 4.45 for this case gives 


k T i 1 

= hB + 3 + V5 



— + 


4 

315 



+ 


(4.40) 


For the lightest linear molecule for which a microwave rotational 
transition has been observed (CO), B is 2 cm -1 and hB/kT at room 
temperature is 10 ”. Hence, for most purposes Eq. 4.40 may be re¬ 
placed by its classical value 


Q r = 20,8407’ ' B, 

where B is in megacycles. 

For a symmetric-top molecule Q r becomes 

Qr = E *E 9/(2/ + ])r‘ iWW+ i) + M-«/c»j/tr 

J = 0 K = - J 


(4.47) 


(4.48) 
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Although gj depends on the spins of the identical nuclei and on the rota¬ 
tional states, its average value over adjacent states is unity. Conse¬ 
quently, g z is replaced by its average in the expansion of Eq. 4.48, 
which then becomes 



e Bh/\kT 




lh 3 AB 2 J 


X 


1 + 


1 

12 


B\ hB 7 

1 + 


A/kT 480 


BV 2 /hB\ 2 

a) U77 + 


(4.49) 


or, approximately, with the rotational constants in megacycles, 


Qr = 


5.335 X 10 6 


a 


rp 3 


LB 2 A 


H 


(4.50) 


Since the rotational energies of an asymmetric-top molecule cannot be 
expressed in closed form, it is not possible to obtain an accurate analyti¬ 
cal expression for Q r for this molecular type. However, Eqs. 4.49 and 
4.50 also apply to an asymmetric top (to a close approximation) if B 2 A 
is replaced by ABC, and if B in the exponent and series expansion is 
replaced by the geometric mean of the most nearly equal rotational 
constants, with the remaining constant replacing A in the series ex¬ 
pansion. 

4.5b. Statistical Weights. In principle, the weight factor cji in 
Eq. 4.51 is a product of the statistical weights associated with all the 
different internal quantum numbers. For a symmetric top, for exam¬ 
ple, (ji = g (nuclear) X g (K degeneracy) X g (inversion), and it may 
include a degeneracy with respect to internal rotation. When no field 
is applied, the 2 J + 1 degeneracy associated with the outer quantum M 
is taken care of by the definition of Q r and by the summation over M. 
The gi factors also occur in the partition function. In many cases 
each term in the partition function has the same statistical weight 
factors. This is true, for example, for unresolved inversion doubling. 
Hence the common factor cancels in the ratio gJQ r of Eq. 4.41 and 
can be ignored. Statistical weight factors arising from internal rota¬ 
tional degeneracies also cancel from the ratio gi/Q r . The K degeneracy 
of symmetric-top molecules, gK = 2 for K ^ 0. g^ = 1 for K = 0, docs 
not cancel, however. 

Nuclear statistical weights have been treated by Dennison, 40 W ilson, 43 
and others. 44 - 45 The present analysis treats a nuclear hyperfine multiplet 
as a single integrated line. For molecules possessing no symmetry, g 
(nuclear) = JJ (2// + 1) for all states, and hence cancels in the ratio 
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Qi/Qr • Here Ii is the spin of the zth nucleus, and the product is taken 
over all nuclei in the molecule. We employ in place of the true g (nu¬ 
clear) a reduced nuclear statistical weight gj , which is defined as the 
total g (nuclear) divided by JJ(2/ t + 1). For molecules with no sym¬ 
metry gi is unity. 1 

To determine the reduced nuclear statistical weight gi of a level for 
a molecule containing two or more such identical nuclei, the symmetry 
of the over-all wave functions as well as the statistics of the identical 
nuclei must be considered. If the identical nuclei follow Bose-Einstein 
statistics (integral spin), the over-all wave functions must be sym¬ 
metric (even) under a transformation of coordinates which exchanges 
two such nuclei, but, if the identical nuclei obey Fermi-Dirac statistics 
(spins which are an odd multiple of one-half), the over-all wave func¬ 
tions must be antisymmetric (odd) for an exchange of these nuclei. 
The symmetry of the* over-all wave function is the product of the sym¬ 
metries of the electronic, vibrational, rotational, and nuclear-spin wave 
functions, (\p = \p J • 

In the well-known case of homonuclear diatomic molecules there are 
in all (2/ + I) 2 nuclear-spin functions of which 1(21 + 1) are antisym¬ 
metric (odd) and (7 T 1)(2/ + 1) are symmetric (even) for an ex¬ 
change of the nuclei. The only homonuclear diatomic molecule so far 
investigated in the microwave region is oxygen. For the ground elec¬ 
tronic state which is y*- the electronic wave function is antisymmetric 
in the coordinates of the nuclei; the vibrational ground state is symmet¬ 
ric, and the rotational states are symmetric when A T (the quantum num¬ 
ber for end-over-end rotation) is even and antisymmetric when N is 
odd. Only symmetric nuclear-spin states exist in 0 ,b 0 lb since I = 0. 
Only rotational levels for odd values of A r can exist because () 16 0 IG 
obeys Bose-Einstein statistics and the over-all wave function must be 
symmetric. The case of 0 18 0 18 is identical. 

When / ^ 0, both even and odd nuclear spin functions exist for homo¬ 
nuclear diatomic molecules. The even correspond to total spins, T = 
2/,2/ — 2, • • •, 1 or 0, and the odd to T = 2/ — 1, 2/ — 3, • • •, 1 or 0. 
Therefore either even or odd coordinate wave functions can combine 
with one of the two species of nuclear spin functions to give a symmetric 
or an antisymmetric over-all wave function, and, hence, satisfy either 
Bose-Einstein or Fermi-Dirac statistics. Thus, there are no missing ro¬ 
tational levels when I ^ 0, but there is a difference in the weights of the 
even and odd levels. Each of the states corresponding to the (2/ -f- 1 ) 
values of T is (2T -f- l)-fold degenerate (Mr = T , T — \ } •••, — T). 
The sum of the degeneracies for all odd functions is 1(21 -f 1) and of 
all even, (/ + 1)(2/ 1). These are the total symmetric and anti- 
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symmetric weights already mentioned. The corresponding reduced <// 
values are 7(2/ + l)/(27 + l) 2 = 7/(2/ + 1) and (7 + 1)(27 + 1) / 
(27 + l) 2 = (7 + 1)/(27 + 1). When 7 = 0, these are 0 and 1, re¬ 
spectively, and, when 7 = 5/2, as in 0 17 0 17 , the respective values are 
5/12 and 7/12. For 0 17 0 17 all rotational levels occur but with alter¬ 
nating weights of 5 to /. This variation should show up (but would 
be difficult to measure) in the relative intensities of the even and odd 
N lines of the microwave spectrum of 0 17 0 17 . 

The treatment of symmetric tops closely follows that of Wilson. 43 
The figure axis of the majority of symmetric-top molecules is a three¬ 
fold symmetry axis (molecules such as CH 3 CF 3 and PF 3 which belong 
to point groups C 3 and ( 3r , respectively). There are one or more sets 
of three identical atoms which can be interchanged by rotation of 2 tt/ 3 
or 4 tt/ 3 about the figure axis. Consider first only one set of three identi¬ 
cal nuclei. The above rotations are equivalent to an even number of 
exchanges of similar nuclei so that the over-all wave function must be 
symmetric for these rotations, whether the identical nuclei obey Bose- 
Einstein or Fermi-Dirac statistics. Wave functions for the point 
groups C 3 and C 3y can be constructed which fall into one of two cate¬ 
gories: (1) they are symmetric for rotations of 2 tt/ 3 or 4 tt/ 3 about the 
figure axis or (2) they change by phase factors for these rotations and 
occur in pairs. In group-theory notation 40 a wave function belonging 
to the first category is designated by symmetry A , and a pair of func¬ 
tions belonging to the second have symmetiy E. These symmetries 
multiply in the following manner: A X A = A, A X E = E X A = E, 
and E X E = A + A -f- E. In the last product two pairs of wave 
functions are involved from which two product functions are formed in 
which the phase factors have compensated (A + A) and two in which 
they have not (E). Molecules with *2 ground states have electronic 
ground-state functions which have symmetry .1. The ground vibra¬ 
tional wave function has symmetiy A. Rotational states for which A' 
(the quantum number for rotation about the figure axis) is zero or a 
multiple of 3 have symmetry A ; but for K not a multiple of 3 they have 
symmetry E. Symmetries of the combined ground electronic-vibra¬ 
tional and the rotational states are then A for K = 0 or a multiple of 
3, and E for K not a multiple of 3. If the nuclear spin of the three identi¬ 
cal atoms is /, there are in all (21 + l) 3 spin functions t•' ^(27 + 1) X 
[{21 -f- l) 2 + 2] have symmetiy A, and \(2I + 1)[(27 + l) 2 — 1] pairs 
have symmetry E. Corresponding to over-all wave functions of sym¬ 
metry A, there are \(2I + 1)[(2/ + l) 2 + 2] spin functions for K equal 

f We neglect the weights of nuclei in non-symmetrical positions. These cancel in 
the ratio gi/Q r and hence have no significance here. 
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to zero or a multiple of 3 and - 3 ( 2 / + 1)[(2/ + l ) 2 — 1] spin functions 
for K not a multiple of 3. Only one-third of all possible combinations 
of wave functions have the proper symmetry. The reduced statistical 
weight here is the number of spin functions from which over-all wave 
functions of symmetry .4 arise, divided by (21 T l) 3 . It is given in 
Table 4.4. 


Table 4.4. Values of gi for symmetric-top molecules of symmetry C 3 or C. 


3r 


i/'.i p v has symmetry .1 

K divisible by 3 
(including zero) 

K not divisible bv 3 


One Set of Identical 
Nuclei of Spin / 


Two Sets of Identical Nuclei 
of Spin /1 and /•_> 


K'+isTTTT'] s [ 1 + 




1 


(21 \ + l) 2 ( 2 /_» + 1 ) 


L 


( 2 /! + l) 2 ( 2 /o + l ) 2 


.] 

] 


\jzt\pv has symmetry E 

K divisible by 3 
including zero) 


K not divisible bv 3 


_1_I IT 

3 L (21 4- 1) 2 J 3 L 

1 


it 


^ 1 + 


1 - 


1 


2 ( 2 1 + 1 ) 


.] it 


1 + 


( 21 1 + 1) 2 (2 1 , + l) 2 


1 


] 


2(2/, + 1) 2 (2/, + l) 2 


] 


For a molecule which has two sets of three identical nuclei and which 
belongs to point group C 3 (for example, CTl 3 SiF 3 ), the total number of 
nuclear-spin functions is (21 x + 1) 3 (2 1 2 -F l) 3 . Of these functions, 
3 ( 2/1 T l)(2 / 2 T 1 )[(2/! + 1 )“( 2/ 2 + l ) 2 + 2 ] have symmetry .1, and 
3 (2 /1 T l)(2 / 2 + 1)[( 2/1 + l)“(2/o T l ) 2 — 1J pairs of functions have 
symmetry E for rotations of 2 tt/ 3 and 4 tt/ 3 about the figure axis. As 
for one set of three identical nuclei, it is easily seen that the over-all 
wave function must have symmetry A for these rotations. Thus, the 
total number ol spin functions corresponding to over-all wave functions 
ol proper symmetry is the same as for the previous case if ( 2 1\ -f 1 ) 
X (21 2 T 1) be substituted lor (21 -f 1 ). Reduced nuclear statistical 
weights are given in Table 4.4. These statistical weights are also valid 
it nuclei of one set are identical with nuclei of the other, provided that 
the molecule has a permanent electric dipole moment. 

Nuclear statistical weights of molecules in vibrational states of 
symmetry E, such as singly excited degenerate vibrations, are ob¬ 
tained in a manner similar to that for the ground vibrational state. 
These reduced statistical weights are given in Table 4 . 4 . Symmetries 
of excited vibrational modes are discussed bv Herzberff . 44 
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For asymmetric-top molecules with a twofold symmetry axis the 
same considerations hold as for homonuclear diatomic molecules, ex¬ 
cept for the fact that the symmetry of the rotational state cannot be 
described by the J value alone. As an example, in S0 2 6 the over-all 
wave function must be symmetric with respect to a rotation about the 
symmetry axis (b in this case). Since the electronic-vibrational ground 
state is even, the even rotational states (A and B b in Art. 2.2 d) must 
be paired with even nuclear states, and the odd rotational states with 
odd nuclear states. But again there are no odd nuclear states for I 
= 0. Thus only the even A (ee) and B b ( 00 ) rotational states exist. 
For N0 2 , on the other hand, the ground electronic-vibrational state is 
odd so that only B a ( eo ) and B c (oe) states exist. 

The values of gj for as 3 r mmetric-top molecules with two identical 
nuclei are given for the different possible symmetry axes in Table 4.5, 


Table 4.5. Values of gi for asymmetric-top molecules of symmetry C^ v 
with two identical nuclei of integral spins for even electronic and vibrational 

states f 


Symmetry 

Axis 

a 


c 


Rotational State (see Art. 2.2d) 


ee 

eo 

1 +1 

/+ 1 

21 -f- 1 

21 + 1 

/ + 1 

/ 

21 + 1 

21 + I 

/+ 1 

I 

21 -f 1 

21 + 1 


oe 

00 

I 

I 

21 + 1 

21 + 1 

1 

/+ 1 

21 + 1 

21 + 1 

/+ 1 

I 

21 -f 1 

21 + 1 


f For odd electronic or odd vibrational states or for nuclear spins which are 
odd multiples of one-half, replace 1 b 3 r 1 -f 1, and 7 + 1 by /. 


if even electronic and vibrational states and integral spin are assumed. 
For odd multiples of half-integral spin, or odd electronic or odd vibra¬ 
tional states, the factors / and / + 1 are to be exchanged. In H 2 0, 
with the spin of H = F 2 , for example, for ee and 00 states gi = Y±, while 
for eo and oe states gj = as seen in Table 4.5. Cases of asymmetric- 
top molecules with more than two identical nuclei are less common. 
The 3 r are discussed, among other places, in Herzberg’s book. 14 


4.6. INTENSITIES OF MOLECULAR ROTATIONAL LINES 

The preceding sections show that several factors influence the in¬ 
tensity of a microwave transition. Man 3 r investigations are concerned 
with gaseous molecules at pressures ranging from about 10 2 mm to 
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10 mm of Hg. If the incident power density for them is somewhat less 
than the saturation limit, Eq. 4.15 represents adequately the line shape. 
Substituting Eqs. 4.15 and 4.41 in Eq. 4.10 and summing the dipole- 
moment matrix element over the Zeeman sub-levels yield 


8tt 2 A7<> 2 £ (./, i, 4/1 [i. | J\ i', M') 2 g ie - E(J ' i)/kT 

M 


a = 


ckTQ r 


Nv 

{u — vq) 2 + Nv~ 


(4.51 ) 


The right-hand bracket of Eq. 4.51 has its maximum value 1 Ar at 
v = v 0 . In the pressure range considered we have from Eq. 4.18 


A? 


300P 


min 


(Ai/j 




T 



. » 


where it is assumed that Nv varies inversely as T. Hen* (Ay), is the line 
breadth at 300° K and 1 mm of Ilg pressure and P imu in millimeters of 

t 1 ^ ^ ^ citl is made. The number of molecules 

per cubic centimeter can be expressed as 


A r = 9.08 X 10 ,8 (/' lnlll T). 


(4.53) 


Equations 4.52 and 4.53 substituted in Eq. 4.51 with the specialized 
values of 22 (T, ?, M | M- •/', 4/') 2 , (ji, and Q r given in previous sec- 

M 

tions of this chapter yield the formulas for peak absorption given in 
Chapter 2. These formulas are for transitions integrated over M Zee- 
man or Stark components and nuclear hyperfine structure. Relative 
intensities within Stark and Zeeman multiplets are treated in Chapter 3; 
the relative intensities within hyperfine structure multiplets are given 
in Sec. 2.0. 
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5 . SPECTRA OF SOLIDS AND LIQUIDS 


5.1. PARAMAGNETIC RESONANCE 

Paramagnetic resonance absorption spectra, observed first by Zavoi- 
sky 1 in 1945 in Russia and shortly after by Cummerow and Halliday 2 
in America and by Baggulev and Griffiths 3 in England, represents an 
important new method for obtaining information about paramagnetic 
substances. The new information supplements that obtained from 
measurements of magnetic susceptibilities 1 and paramagnetic relaxa¬ 
tion. 5 Since the initial experiments, many researchers have been active 
in the field. (See Bibliography.) Some of their results are described 
below. 

Although paramagnetic resonance can be observed in the lower- 
frequency radio region of the spectrum, it is most easily observed in 
the microwave region, and it is in this region where most measurements 
have been made. 

5.1a. Spectroscopic Splitting Factor. Paramagnetic resonance 
arises from transitions between Zeeman levels. An external magnetic 
field is imposed perpendicular to the magnetic component of the radia¬ 
tion field and is of such strength as to give the Zeeman levels the proper 
splitting to bring the frequency (/>’i — A ’ 2 )/h to that chosen for observa¬ 
tion. The coupling is through the magnetic vector, and the selection 
rule A.l/ = 1 gives with the Zeeman term energies the resonant fre¬ 
quency (exclusive of fine structure or hyperfine structure) 


= g(3f/ h = 1.400 X 10V/, 


(5.1) 


where [3 is the Bohr magneton. The last form gives v in cps when // 
is in gauss. For a g factor of 2 (free electron spin) the magnetic field 
required to bring the resonance frequency to A band, 9000 Mc/sec, is 
only 3330 gauss. 

The measurement of a resonant frequency with the corresponding 
magnetic field yields with Eq. 5.1 an experimentally determined g 
factor. If the paramagnetic atom or ion were free or isolated, one 
would expect this g factor to correspond to the Lande formula, 

J(J + 1) + S(S + 1) - L(L + 1) 

(I —— 1 f— - ~ 

2 J(J + 1) 
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Because of various internal interactions which perturb the Zeeman 
levels, the g factors obtained by applying Eq. 5.1 to the observed reso¬ 
nance peaks do not correspond to the ideal values expressed by Eq 5 2 
They more frequently approach the free spin value 2 than the free ion 
value given by Eq. 5.2. Furthermore, the g factor obtained in measur¬ 
ing transitions between Zeeman levels in paramagnetic and ferromag¬ 
netic resonance experiments is not, in general, equivalent to the gyro- 
magnetic ratio obtained in the usual gyromagnetic experiments. Kittel 
has suggested the appropriate term, “spectroscopic splitting factor,” 

for the g factor of Eq. 5.1 to distinguish it from the q factor obtained in 
experiments of other types. (See Sec. 5.2.) 

5.16. Introduction to Crystalline Field Effects. When the para¬ 
magnetic element is not in an S state, the internal crystalline electric 
field interacts with the resulting non-spherical electron cloud. If this 
interaction is stronger than the spin-orbit interaction, X(L-S), as is usu¬ 
ally the case in salts of the iron group elements, it breaks down the 
spin-orbit coupling and lifts the degeneracy of the 2 L + 1 orbital levels 
either partly or completely, depending upon the symmetry of the inter¬ 
nal electric field. This splitting is essentially a Stark splitting of the 
orbital levels by the internal electric fields. An electric field cannot 
interact directly with the electron spin, and if there were no spin-orbit 
coupling the 2N + 1 spin degeneracy of each orbital level would re¬ 
main. I he crystalline field can, however, interact with the spin levels 
indiiectly through the spin-orbit coupling. The order of magnitude of 
this indirect splitting of the spin levels is 


A*- «= X 2 A/„, 


(5.3) 


where X is the spin-orbit coupling constant and A i, is the crystalline-field 
splitting of the orbital levels. A\ hen the spin degeneracy is completely 
lifted by the latter mechanism and when the resulting splitting is wide 
as compared with a microwave quantum, one cannot observe paramag¬ 
netic resonance in the microwave region. However, Kramers 6 has 
shown that if the number of unpaired electrons of the ion or atom is 

odd, the spin degeneracy can never be lifted entirelv bv the crystalline 

* »- * 

field via the spin-orbit coupling. For this case there remains a double 
degeneracy of each orbital level, commonly called Kramers’ degeneracy, 
which can be lifted only by the imposition of an external magnetic field. 
Thus, unless the line is too broad to be detected, one should always be 
able to detect paramagnetic resonance for odd-electron ions. This is 
also true of the ions in which the number of unpaired electrons is even, 
provided that A « for then the splitting will be small as compared 
with the additional displacements which can be produced by an external 
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magnetic field. As will be explained later, the spin-lattice relaxation 
time increases, and the line width decreases when A/, increases in com¬ 
parison with X. Therefore, one should be able to observe paramagnetic 
resonance in the microwave region when X « A/ v , regardless ot whether 
the number of unpaired electrons is even or odd. 7 

For the rare earths in which X > A^, the crystalline field cannot 
break down the spin-orbit coupling but might lift the degeneracy of the 
2 J + 1 levels. One should not, therefore, expect the g factor for the 
rare earths to approach that of the free electron spin except when the 
ion is in an S state. The large spin-orbit coupling with only a partial 
quenching of the orbital momenta by the crystalline field makes the 
spin-lattice relaxation time short and the resonant lines in most rare- 
earth salts so broad that they are difficult to detect except at very low 
temperatures. 

Thus the detectability of paramagnetic resonance as well as the 
nature of the results observed depends upon the spectroscopic ground 
state of the ion, the value of the spin-orbit coupling constant X, and 
particularly upon the nature of the crystalline field. 

Bet he 8 has shown from group theory how various degeneracies are 
lifted in fields of different symmetries. His theory is frequently useful 
in interpreting results or in predicting whether paramagnetic resonance 
should be detected in the microwave region. Table 5.2 (see p. 225) 
shows how the 2 L + 1 and 2S -f 1 degeneracies of the iron-group ions 
are lifted in fields of various symmetries. 

In addition, certain helpful qualitative deductions can be drawn 
regarding the crystalline-field splitting. (1) In all the salts of the iron 
group the crystalline Stark splitting of the orbital levels by the pre¬ 
dominant field (usually cubic symmetry) is likely to be large, of the 
order of several thousand cm 1 . Frequently, however, some remaining 
degeneracies are removed by weak-field components of lower symmetry 
with a resulting splitting which is much smaller and might be of the order 
of kT at room temperature (^200 cm -1 ), or even hu at microwave fre¬ 
quencies. (2) The indirect splitting of the spin levels, which is of the 
order of X 2 /A/ y is likely to be small in the salts of the iron group and is 
frequently of the order of a microwave quantum. (3) When /, = 0, 
the splitting of the spin levels by the crystalline electric field is a higher- 
order process which will be small, usually less than a microwave Uv. 

(4) Because the unpaired electrons are in deep sub-valence shells and 
are partly screened from the crystalline field in the rare-earth salts, the 
crystalline field interaction is usually too small to break down the strong 
spin-orbit coupling but might cause a splitting of tlie 2./ -f 1 levels. 

(5) Strong exchange interaction sometimes wipes out the crystalline- 
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field effects. (6) In some instances the crystalline field might be suffi¬ 
ciently strong to break down the coupling so that no resultant L is 
formed, this is most likely when covalent bonds are formed The 

spectroscopic ground state of the ion might also be changed by the 
formation of a covalent bond. 9 

Expressions for the various crystalline-field potentials can be ob¬ 
tained from a Taylor’s expansion about the paramagnetic ion in ques¬ 
tion of the potential which arises from distant charges. For the lowest 

symmetry (rhombic) with the axes chosen so as to eliminate cross 
terms and with higher-order terms neglected, 


where A = - 

2 


v = + Ax 2 + By 2 + Cz 2 , 

d 2 V\ 1 /;3 2 T/\ i /a2 


dx 




0 


2 \dy 


),H( 


d J V 

dz 



term is neglected and Laplace’s equation V 2 F = 0 
rhombic case becomes 


If the constant 
is applied, the 


Frhombic — Ax 2 + By 2 — (A + B)z 2 . 

For axial symmetry (trigonal, tetragonal), A = B and 

Ftetrng = A(x 2 + y 2 — 2 Z 2 ). 

For cubic symmetry, all the derivatives with respect to x, y, and z are 
equal, and, in view of Laplace’s equation, A = B = C = 0. The first 
non-vanishing term in the expansiqn is then 


where D 


1 ( d * V \ 

~ 24 \taV 0 ' 


Fcubic ~ D(x 4 + 2/ 4 -f- Z 4 ), 

In very many crystals the field can be treated 


as predominantly cubic with a small axially symmetric component 
superimposed. 


5.1c. Characteristic Energies and Line Frequencies. The vari¬ 
ous factors which constitute the energ} r of the paramagnetic ion of a 
crystal in a magnetic field are expressed in their normally decreasing 
order of importance for the iron-group elements by the total Hamil¬ 
tonian of Abragam and Pryce, 10 


W = W F + V + W LS + W ss + 0H • (L + 2S) + W f - yrfjH-I, (5.4) 

in which 11 y is the energy for the corresponding free ion, V the electro¬ 
static energy in the field of neighboring ions, Wy S the spin-orbit interac¬ 
tion, Wss the electronic spin-spin interaction, /3H*(L -f- 2S) the energy 
of interaction of the electrons with the external magnetic field, IF/ the 
interaction of the nucleus with the internal electric and magnetic fields, 
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and gift: HI the interaction of the nucleus with the externally imposed 
magnetic field. (Here cji is the nuclear gvromagnetic ratio, and is the 
nuclear magneton.) In salts of the iron group the level separations most 
frequently caused by the internal interactions are of the order: 
W Fl 10 5 cm -1 ; V, 10 4 cm -1 ; W L s, 10 2 cm -1 ; W S s, 1 cm -1 ; JF/, 10 “ 2 
cm -1 . When the external field is such as to cause /3H(L + 2S) to be 
1 cm -1 , then 0 / 0 /H-I is of the order of 10 -3 cm -1 . 

The calculation of the combined effects of the different interaction 
energies included in the total Hamiltonian (Kq. 5.4) is very difficult. 
Fortunately, because of the wide intervals of 11 y and 1 , in most in- 
stances only their lowest levels are significantly populated at room tem¬ 
perature. Hence, one is concerned primarily with the splitting of these 
lowest levels by second-order crystalline field effects, nuclear interac¬ 
tions, external fields, etc. In most commonly studied crystals the pre¬ 
dominant crystalline field has cubic symmetry with a weaker compo¬ 
nent of lower symmetry. Abragam and Pryce 10 have shown that a 
considerably simplified Hamiltonian can be used to calculate the ob¬ 
served spectra when, as is often true, the anistropy in the g factor has 
axial symmetry. This occurs when the crystalline field causing the 
anistropy has trigonal or tetragonal symmetry. When the lowest orbi¬ 
tal level is not single, this is made possible by defining an “effective spin,” 
S, such that 2 S 4 1 is the multiplicity of the level under consideration. 
The Hamiltonian then becomes 

IF = (3{(j\\II z S z + g _l 1 H X S X 4 / / !,$„) 1 4 D{S s 2 — \S (S +1)) 

+ AS Z I Z + B(S X I X 4 S u l„) + f /|/; 2 - \I(I 4 1)) - giPiK-I, (5.5) 

where the axis of symmetry is taken along the z axis. Here d and are 
the Bohr magneton and the nuclear magneton, respectively; r/j; and g ± 
are the components of the spectroscopic splitting factor g parallel and 
perpendicular to the axis of symmetry. The first term in brackets is 
the principal one and represents the interaction of the effective spin 
vector with the external field; the second term (that in D) represents 
the initial splitting of the spin levels by the second-order crystalline- 
field interaction and may be regarded as giving rise to a fine structure 
of the principal term; the remaining terms represent nuclear interac¬ 
tions which give rise to the hyperfine structure, the first two of which 
(those in A and B) correspond to the interaction of the nuclear mag¬ 
netic moment with the magnetic moments of the unpaired electrons; 
the third term (that in Q') f represents the interaction of the nuclear 

t We use Q' for the Q used by the British workers so as to reserve the symbol Q 
to designate the nuclear quadrupole moment (Chapters 2 and 6). 
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Q' = 3 eQ 


quadrupole moment with the gradient of the crystalline electric field 

'd 2 V\ / 

~di?)/ 4/(27 ~ 4) J ' and the last term (-^H-I) repre¬ 
sents the interaction of the nuclear magnetic moment with the external 
magnetic field. Small departures from axial symmetry are taken into 
account by adding a term E(S X 2 - S 2 ) to the Hamiltonian. The com¬ 
ponents < 71 | and g ± , and the interaction constants, A, B, D, and Q', are, 
in general, regarded as empirical constants to be evaluated from the 
observed spectra. In many instances some of these constants are zero, 
and the Hamiltonian may be further simplified. For example, when 
1 = 0, only the first three terms remain. 

Abragam and Pryce have used the Hamiltonian, Eq. 5.5, to calculate 
the g factors and interaction constants in terms of observable spectral 
intervals for most ions which have been studied. These formulas, 
which are very useful in the analysis of paramagnetic resonance spectra,’ 
require too much space for reproduction here. Although they apply 
mainly to the iron-group salts, they are applicable in some instances 
to the rare earths, in particular to Gd+++, which has an S ground state. 
Specific formulas for certain cases, not including nuclear effects, are also 
given by Polder, 11 by Kittel and Luttinger, 12 and by Weiss. 13 

Using the simplified Hamiltonian, Eq. 5.5, for crystals having axial 
symmetry with the additional restriction that the nuclear quadrupole 
splitting is small as compared with the nuclear magnetic splitting, 
Bloane\ has calculated general formulas for the frequencies of para- 
magnet ic lesonance in strong fields, including both the fine structure 
caused by the crystalline field and the hyperfine structure caused b} r 
nuclear interaction. The formulas are derived by perturbation theory 
and are carried to second order, the expression for the frequencies cor¬ 
responding to Ms —> d/s — 1 in the absence of nuclear interactions is 


1 


v = - 


hi 


1 Q 


g(3/I + D\ Ms — - 1 - 3 — cos 

2/ l g~ 


2 e _ i ) /Dg\\9± cos 9 sin 0\ 

I V <7 2 / 


2«k) 145(5 +- 1) - 9| +( 


Dg± 2 sin 2 6 


9 


1 


Sg(3H o 


(2 S(S + 1) - 6Ms(M s - 1) - 3) 


(5.6) 


where g 2 = g\ 2 cos 2 6 + g ± 2 sin 2 d, and H 0 is the field at which the un¬ 
perturbed line would occur. To this expression there must be added the 
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frequency splittings caused by the nuclear effects. For (M s ,Mi) 
(Ms — 1 , Mi) these are: 


Ay = - 


1 

h 


KM 7 + 


B 


2 


A 2 + K 2 


4*7/3// 0 \ K 2 


{/(/ + 1 ) - Mi 2 1 



2^7/3//o K 


2*7/3// o 


Q\\9± 

g 


2 


/ Q ' 2 cos 2 0 sin 2 6 

• sin 2 0 cos 2 0 . 1// 2 + ( r -- r -- 

\2Ad/,s(d/,s — 1) 


A ~A 2 M i \4I(I + 1 ) - 8 .l / 7 2 - 1 ) - 

AT / 


(? /2 sin 4 0 


8AM/.s(.U. s - 1) 


— A Mi{21(1 + 1 ) - 2Mi 2 - 1 ) 

I\g J 


(5.7) 


where Tv 2 # 2 = A 2 g 2 cos 2 0 + B 2 g ± 2 sin 2 0 . In these expressions 0 is the 
angle between the applied held II and the axis of symmetry of the crys¬ 
tal. M s and Mi are the magnetic quantum numbers for the electrons 
and the nucleus, respectively. The selection rules are AMs = ±1 and 
A Mi = 0. See also Art. 5.1/. 

Frequently, weak lines corresponding to transitions for which AMs 
= 2 are observed . 1516 These have an intensity of the order (D/JI) 2 
and vanish for 0 = 0. The frequencies of these “double jumps,” if 
hyperfine structure is neglected and if it is assumed as before that the 
anistropy in */ has axial symmetry, are. according to Bleanev , 11 


y = — 


1 

fl 


2*7/3// + 21)(Ms ~ 


1 ) i 3 ^ cos 2 0 — 1 - 

i g~ J 


Dg * 7 ± cos 0 sin 0\ 2 


g 


*> 


011 


0 


/ Dg ± 2 sin 2 0\ 2 

)4»S(*S + 1) - 24Ms(Ms ~ 2) - 33) + ( — X 


g 


1 

2*7/3// o 


1 2S(S + 1) - i\Ms(M s ~ 2) - 9j 


(5.8) 


where the various symbols have the same significance as above. 

5.Id. Line Breadths. Spin-spin interactions. Acting on a given 
electron in a paramagnetic substance there is an internal magnetic held 
resulting from the spin magnetic moments of all the other unpaired 
electrons of the substance. Since the held contributed by each neigh¬ 
boring electron depends on its position and orientation relative to the 
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one under consideration, there is a spread in the total internal mag¬ 
netic field acting on a given electron and arising from the spin magnetic 
moments of the other unpaired electrons. This results in a correspond¬ 
ing spread in the Zeeman frequencies. The dipole field falls off inversely 
as the cube of the distance. The component along the externally applied 
field contributed at the position of a given electron by a neighbor at r 
distance away is #i(l - 3 cos 2 6)/r 3 , where 6 is the angle between r and 
the direction of the external field and n is the spin magnetic moment of 
the electron. The mean-square-moment of the line width arising from 
interactions 17 of spin moments is 

(AH 2 ) a v = %g 2 P 2 S(S + 1) 2 (1 — 3 cos 2 ^*y) 2 r“ 6 , (5.9) 

V 

3 

where 0,-y is the angle between the externally applied field and the line 
joining the electrons i and j, and where r,y is the separation of electrons 
i and j. In applying the equation one need include only close neighbors. 
If a gaussian shape is assumed, the half-width is 


AH h = 1.18\/(A H 2 ) Av . 


Equation 5.9 holds for electrons in like atoms, 
right-hand side should be multiplied by (%) 2 . 


For unlike atoms the 


It is seen that the spin-spin interaction falls off rapidly with the 
separation ot the ions. Therefore the spin-spin broadening can usually 
be reduced to insignificance by diluting the substance with a suitable 
non-magnetic material. Because of the angular dependence indicated 
by Eq. 5.9, the spin-spin broadening varies with the orientation of the 
crystal in the external field. It has been pointed out by the Oxford 
group 7 that the spin-spin broadening alone is probably never so great 
as to prevent detection of paramagnetic resonance. Van Vleck 17 has 
shown that broadening of this type tends to make the line more blunted 
at the peak than is the gaussian curve. 

Spin-lattice interaction. According to the uncertainty principle, 


AE-At > /i/2tt. 


(5.10) 


the spread in the term energy increases, and, hence, the spectral lines 
involving this energy must increase in width as the lifetime in the state 
decreases. This lifetime in paramagnetic resonance is measured by the 
“relaxation time” or the “reorientation time” of the spin vector when 
the orbital momentum is quenched or of the total momentum vector J 
when L is unquenched. Let us assume that L is quenched and that the 
spin vector is oriented in an external field and ask what factors would 
tend to cause a reorientation. Any force which does this must couple 
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magnetically to the spin magnetic moment of the electron. The two 
significant forms of this coupling are the spin-orbit coupling and the 
spin-spin coupling with neighboring electrons. The spin-spin coupling 
with the nuclei is too weak to be of much importance. 

The orbital magnetic moment which is coupled magnetically to the 
spin vector of the electron is in turn coupled through electrical forces to 
the crystalline axes. The thermal motions of the ions can alter the 
direction of L in space and thereby can indirectly perturb the electron- 
spin orientation. Likewise, the spin-spin interactions depend on the 
direction and separation of the interacting dipoles, and hence are influ¬ 
enced by the lattice vibrations. Through each of these couplings, tran¬ 
sitions between the Zeeman levels can be induced, 7 either (1) bv an 
exchange of quanta with the lattice vibrations (resonance process) or 
(2) by a scattering of the “lattice waves” with the exchange of energy 
taking place through the Raman process. 

Detailed calculation of the spin-lattice relaxation time is difficult. 
For the case of S = J 2 , Kronig 18 made the following estimates: 


10 4 AS 
\ 2 H 4 T 

10 4 A L 6 

\ 2 H 2 T 7 


(resonance exchange), 


(5.11) 


(Raman process), 


(5.12) 


where t is the relaxation time in seconds, II is in gauss, X and A/, are in 
cm -1 . Here A/, is the separation of the lowest orbital levels. The 
temperature T is assumed to be small as compared with the “Debve 

K.' 

temperature” of the lattice. From these formulas it can he seen that 
the spin-lattice relaxation increases rapidly with the crystalline-field 
splitting A l of the orbital levels and decreases with increase of the spin- 
orbit, coupling. Though it is a second-order process, the Raman process 
is much more effective in broadening the lines at room temperature than 
is the resonance process because lattice frequencies far removed from 
the Zeeman frequencies participate in the Raman scattering. From 
Hq. 5.12, it is seen that broadening of the lines by the Raman process 
falls off very rapidly with decreasing temperature. However, the Brit¬ 
ish workers 7 estimate that it is probably still more effective than the 
resonance process even at liquid-oxygen temperatures but probably 
not at the temperature of liquid helium. When the principal broaden¬ 
ing is caused by spin-lattice interactions, one can sharpen the lines very 

much and can therefore strengthen the resonance peaks greatly bv de- 
creasing the temperature. 
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Exchange interaction. The effects of exchange interaction on line 
shapes in paramagnetic resonance have been described by Gorter and 
an \ leek and developed in detail by Van Vleck. ” If the interaction 
is between similar atoms or ions, i.e., ones that have the same energy in 
the magnetic field, the exchange will decrease the width of the resonance 
me and give it a sharply peaked shape. Van Vleck 17 shows that the 
fourth root-mean-moment of the frequency (A, 4 )* is increased by 
such exchange but that the mean-second-moment is unchanged This 
means that the line is broadened near the wings but sharpened near the 
center so that the width measured at the half-power points is decreased 
In contrast, exchange interaction between dissimilar atoms contributes 
to the mean-square-moment of the frequency and increases the line 
wKlth Classically, one might explain exchange narrowing on the 
basis that the rapid exchange of the electrons tends to smooth out the 
slowly varying internal fields acting on a given electron. If the exchange 

“ , ? n dlssim,lar atoms atoms in which the Larmor precession of 

the electron spin is different-the exchange will tend to average the 
two processional frequencies and will thus broaden the lines. 

Since the paramagnetic measurements are usually made at a constant 
requency with variation of the magnetic field, we express the line width 
in terms of II. The nth root-mean-moment is then defined as 


(AH") 1 /: = 


f A(H)[H — // rcs ] n dll 
J 0 


11 In 


f ■*<"> 

J o 


dll 


(5.13) 


where A (II) is (he amplitude of the absorption for any chosen value of 

II, and H rcs is the field strength for maximum A (II). For a purely 
gaussian distribution, 

(AfI 4 )^/(AH 2 )^ v = 1 . 32 . 

Exchange narrowing increases this ratio above 1.32, and dipole-dipole 
intei action decreases it below 1.32. For a rectangular shape this ratio 
is 1.16. Thus, b} r evaluating the above ratio—this can be done satis¬ 
factorily by approximate numerical evaluation of the integral, Eq. 5.13, 
with points read oft the experimental absorption curve—one can learn 
whether there is significant exchange interaction. Table 5.1 gives some 
line widths calculated by \ an \ leek 17 on the assumption of gaussian 
shape and dipole-dipole broadening as compared to those observed by 
Zavoisky at 200-cm wavelengths. Van Vleck attributes the considera- 
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ble narrowing of the observed lines over that calculated primarily to 
exchange effects. 

Cupric salts which have two Cu f + ions in unit cell, i.e., two ions with 
different orientation of crystalline axes, provide an interesting test of 
the exchange theory. We illustrate with CuS 04 * 5 H 2 0 , which has been 
studied carefully by Arnold and Kip, 20 and by Bagguley and Griffiths. 21 


l'ahle 5.1. Evidence for exchange narrowing (From Nan N leek. 17 ) 

Line Breadths in Gauss 



Obs.f 

Cal.t 

CuC1 2 -2H 2 0 

125 

750 

CuS0 4 -5H 2 0 

175 

475 

MnS 04 * 4 H 2 () 

400 

1500 

MnS0 4 

300 

3500 


t Observed by Zavoisky, J. Phys. U.S.S.R. 10, 170, 197 (1945). 
t Calculated by Van Meek, assuming Gaussian shape and dipolar coupling 
without exchange effects. 

The tetragonal axes of the two ions are 82° apart. With the external 
magnetic field in the plane of these axes two peaks are expected because 
of the different orientations of the internal fields at the two ions with 
reference to the external field. The fact that only one peak is observed 
at wavelengths longer than 1 cm is attributed 21 to the rapid exchange 
of the electrons between the two ions. This tends to average (he g fac¬ 
tors for the two orientations and to give a single broad peak. At fre¬ 
quencies so high that the difference in precessional frequencies for the 
two ions is greater than the exchange frequency, it is possible to resolve 
the two peaks. This resolution has been achieved by Bagguley and 
Griffiths 21 at wavelengths of 0.85 cm. From the separation of the two 
peaks where the lines are barely resolvable, the latter observers esti¬ 
mate the exchange frequency as 0.15 cm -1 . With H perpendicular to 
the plane of the two tetragonal axes the precessional frequencies for the 
two ions are identical, and the exchange interaction narrows markedly 

the single line which is observed for this orientation of the crystal. 

%• 

The exchange of electrons between two atoms depends on the over¬ 
lapping of the wave functions and hence is expected to fall off very 
rapidly with increase of separation much beyond the sum of the covalent 
radii of the atoms. For these reasons exchange narrowing is normally 
expected to occur only when the paramagnetic atoms are closely spaced. 
However, evidence for exchange narrowing has been found by Lancaster 
and Gordy 16 in a number of instances where the paramagnetic ions are 
widely separated by certain atoms or organic radicals. A plausible ex- 
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planation is that the wave function occupied by the unpaired electron 
is not a pure atomic wave function but is a composite function with 
contributions from the orbitals of neighboring atoms. By this process 
the orbital occupied by the electron is presumably spread out so that 
exchange with neighboring ions can occur. It appears that the phe¬ 
nomenon of exchange narrowing might be used to investigate the 
resonance properties of organic radicals. 

There is evidence 16 that, other things being equal, exchange narrow¬ 
ing is moie pionounced in chlorides than in fluorides even when the 
paramagnetic ions are closer in the latter salts. Contributions of the 
3d orbitals of the Cl to the wave function occupied by the unpaired 
electron seems a plausible explanation. In other words, the 3d Cl orbi¬ 
tal piovides a low-energy path for exchange of the electrons between 
the pai amagnetic ions. This behavior is in harmony with the special 
tendency of the second-row elements to use the 3d orbital to form a 
coordinate covalent bond. (See Chapter 8.) The pronounced exchange 

narrowing in sulphates may result partly from a similar use of the 3d 
orbitals of sulphur. 


5.1e. Salts of the Iron-Group Elements. Survey of 'properties. 
From a consideration of the spectroscopic ground states of the ions 
and the most common field symmetries surrounding them, the Oxford 
researchers 7 have made qualitative predictions as to results expected 
with salts of the iron-group elements. They then made observations 
on a large number of salts in the powder form and in man}' instances 
obtained confirming evidence. Following Schlapp and Penney 22 and 

others, they assumed a predominantly cubic field with a smaller com¬ 
ponent of lower symmetry. 

Brief qualitative descriptions of the expected behavior (if nuclear 
effects are neglected) ot the different ions in the most common crystal¬ 
line fields are given below. A more quantitative treatment is given in 
Art. 5.1c. 


Ti +++ , V 4 Fe ++ , and Though these ions do not have fhe 

same spectroscopic ground state, they are grouped together because it 
has not proved possible to detect resonance in salts of any of them ex¬ 
cept at rather low temperatures. They are similar in that all have 
in a field of cubic symmetry a triplet orbital level which lies lowest. 
The degeneracy of this triplet level is further broken down by fields of 
lower symmetry. See Table 5.2. Since the field component of lower 
symmetry is usually weak, the resulting splitting of this triplet is not 
expected to be large. With the usual separations of the lowest orbital 
levels, of the order of hundreds of cm -1 , the spin-lattice relaxation time 
is so short at room temperature that the lines are too broad to detect. 
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The Oxford workers 7 estimate that a relaxation time of about 10 -11 
seconds is required to make the lines detectable, whereas Aof 100 
cm -1 gives r of the order of 10 -12 even at 10° K. 


Table 5.2. Ground states, quantum numbers, and degeneracies f in various 

fields of ions of the iron group 





V ++ 

Cr++ 

Mn ++ 





Ion 

Ti +++ 

y+++ 

Cr +++ 

Mn +++ 

Fe + + + 

Fe ++ 

Co ++ 

Ni f+ - 

Cu ++ 

S 

u 
/ — 

1 

*3 2 

2 


2 

H 

1 

H 

L 

2 

3 

3 

2 

0 

o 

3 

3 

*> 

•/ (free ion) 

U 

o 


0 


4 

°/2 

4 

y> 

X (cm -1 ) 

154 

105 

55 V + * 

87 Cr 4 "^ 

59 Cr + + 


- 100 

-180 

— 355 

-852 



Orbital degeneracy 

in fields of 

various symmetries 



Free ion 

5 


7 

5 

1 

5 

i 

i 

5 

Cubic 

2. 3 X 

1,2-3 + 

It. 2-3 

2 X> 3 

1 

2. 3 % 

1, 2-3 X 

U, 2 -3 

•>+ -i 

- + . o 

Trigonal 

1, 2 -2 

31, 2-2 

31,2-2 

1, 2 -2 

1 

1, 2 -2 

31, 2 -2 

31.2-2 

1,2-2 

Tetragonal 

31,2 

3 1,2-2 

3-1, 2 -2 

3-1,2 

1 

3-1, 2 

3 1,2-2 

3.1, 2-2 

3-1,2 

Rhombic 

5 1 

7-1 

7-1 

5-1 

1 

5 • 1 

7-1 

7 • 1 

5-1 


Spin degeneracy 

in fields of various symmetries 

for single orbital lev 

el 


Free ion 

2 

3 

4 

5 

6 

5 

4 

3 

2 

Cubic 

2 

3 

4 

2, 3 

2. 4 

2. 3 

4 

3 

2 

Trigonal 

o 

1. 2 

2-2 

1,2-2 

3-2 

1, 2-2 

2-2 

1 -2 

2 

Tetragonal 

2 

1. 2 

o .0 

** «- 

3-1,2 

3-2 

3-1,2 

2-2 

1 -2 

2 

Rhombic 

2 

3-1 

o .o 

5 1 

3-2 

5-1 

2-2 

1 .2 

•> 


t a -6 means that there are a sets of levels of 6-fold degeneracy. 
X Lower level. 


Furthermore, when the number of unpaired electrons is even, a small 
A/,, in view of Eq. 5.3, can result in a separation of all the spin levels by 
an amount which is larger than the microwave hv. This factor alone 
could prevent detection of resonance in salts of V+++ and Fe ++ , but, 
in view of Kramers’ degeneracy, 6 cannot do so for Ti +++ and Co ++ . 
For this reason, one should always be able to detect resonance in salts 
of the two latter ions, provided that the temperature is sufficiently low; 
indeed, resonance has been detected in salts of both ions but only at 
very low temperatures. 

Cu++ and Cr++. Cu++ and Cr++, like Ti+++ and Fe++, have five 
orbital levels which, in a cubic field, are split into a triplet and a dou¬ 
blet. However, the levels of Cu ++ and Cr ++ are inverted with respect 
to those of Ti +++ and Fe ++ . Tn Cu ++ and Cr ++ it is the doublet 
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which lies lower. This doublet is non-magnetic and therefore cannot 
perturb the spin levels. The A L of Eqs. 5.11 and 5.12, which affects the 
spin-lattice relaxation time, is essentially the separation of the doublet 
from the triplet rather than the smaller splitting of the doublet by weaker 
field components of lower symmetry. The spin-lattice relaxation time 
is therefore long, and resonance in salts of these elements (which have 
predominantly cubic fields) is easily observed at room temperature. 
The spin levels cannot be split by the crystalline field in Cu++ because 
S = ^ (Kramers’ degeneracy). In Cr++ the expected splitting of the 
spin levels is small (probably less than one cm' 1 ) because it varies in¬ 
versely as A l , which in most salts is large (~10 4 cm -1 ), and directly 
as X 2 , which in this ion is small (X = 57 cm -1 ). 

r +-f Cr+++, and Ni ++ . In V++, Cr ++ +, and Ni++ a singlet 
oibital lo\ el lies lowest in a cubic field, and hence no weaker field com¬ 
ponents of lower symmetry can perturb the spin levels. Such perturba¬ 
tion must therefore come from levels of the two triplets, the nearest of 
which is, for a strong cubic field, several thousand cm -1 above. This 
means that the spin-lattice relaxation time must be rather long for the 
salts of predominantly cubic field symmetry and that the splitting of 
the spin levels must be small. This applies particularly to V" 1 " 1 " and 
( t+ ++ in which the spin-orbit couplings are small. (Table 5.2.) With 
a singlet ground state and a weak spin-orbit coupling, their behavior 
resembles that of an ion in an S state. The anistropies in their g factors 
arejsmall. Because of its rather large spin-orbit coupling (X = -335 
cm ), the spin-lattice relaxation time in Xi ++ salts will, in general, be 
shorter, and the splitting of the spin levels larger, than those of Y ++ 
and ( r +++ . Lines of the Ni 4 " 4- salts have been observed at room tem¬ 
perature in a few instances. The rhombic component of the field in 
some nickel salts has been found to be nearly as strong as the cubic 
part. 23 

Mn ++ and Mn ++ and Fe +++ have ground states, and 

because L = 0 the perturbations of the spin levels are very small and 
the expected g factor isotropic and nearly 2, the value for spin only. 
The spin-lattice relaxation time is long, and it should therefore be 
easy to detect resonance in salts of these elements at room tempera¬ 
ture. This agrees with the results of the preliminary survey by the 
Oxford workers. Because of the large spins, the spin-spin coupling 
broadens the lines appreciably in salts in which the ions are concentrated. 
This broadening should never be sufficiently great, however, to prevent 
detection at room temperatures because in the more concentrated salts 
the exchange narrowing will tend to offset the spin-spin broadening. 

The splitting of the spin levels has been found to be of the order of 



Table 5.3. Summary for iron-group elements 
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0.1 cm 1 in certain salts of both ions . 7 Table 5.2 shows how the spin 
degeneracy is lifted in fields of different symmetry. 

Table 5.3 summarizes the behavior expected for the iron-group ele¬ 
ments when the crystalline field has a predominantly cubic symmetry. 

Results on particular salts. Hundreds of salts have now been investi¬ 
gated. Space does not permit even a complete summary in the present 
volume. As illustrations of crystalline-field effects (exclusive of hyper- 
fine structure), we mention some of the more definite results. The most 
complete results so far obtained are on certain cupric salts and chrome 
alums. These will be discussed in some detail. 

(a) Cupric salts. Single crystals of CUSO 4 * 5 IL 2 O have been investi¬ 
gated in detail by Bagguley and Griffiths 21 and by Arnold and Kip 


20 


X-ray diffraction measurements 24 show that there are two Cu ' ■ ions 
• 1 . . .... 


+ + 


in each unit cell with each ion at the center of an electric field of cubic 
symmetry with a strong tetragonal component superimposed. Their 
tetragonal axes are oriented 82° apart. The theory of the crystalline- 
field splitting has been worked out by Polder 11 and by Abragam and 
Pryce. 10 By the cubic field the orbital levels are split into a triplet and 
a doublet with the doublet tying lower. The tetragonal field splits them 
fin thei into a doublet and three singlets with one of the singlets tying 
lowest. Since *S = the lowest level is a Kramers’ doublet, the de¬ 
generacy of which is removed by an external magnetic field. The 
crystalline field is sufficiently large to cause the lowest orbital level to 
fall several thousand wave numbers below the nearest orbital state 
above. I his, combined with the strong spin-orbit coupling, makes the 
spin-lattice relaxation time long and the resonance easy to observe at 
ordinary temperatures. Since there is only one unpaired electron per 
ion, the paramagnetic absorption arises essentially from a flipping of the 
electron-spin vector in the external field. However, the large spin-orbit 
coupling with the crystalline field makes the g factor greater than 2 and 
anisotropic. 

Polder’s theory 11 yields the g factors for the tetragonal axes parallel 
and perpendicular to the external magnetic field, and g ± , respec¬ 
tively, as 

4A 

1 - 


0 \\ = 2 


E 4 - E, J 


(5.14) 


0 ± = 2 


1 - 


E , - 


(5.15) 


where A is the spin-orbital coupling constant and E 3 is the lowest orbital 
level, and E 4 and E& are higher levels. Since A is negative, the observed 
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g factor will be greater than 2. For any arbitrary orientation, d, of its 
tetragonal axis from the external field the observed g factor for a par¬ 
ticular ion is 


g = v < 7 || 2 cos 2 6 + g ± 2 sin 2 6. 


(5.10) 


By making measurements at known angles 6, the above-mentioned 
researchers 20 - 21 have obtained r/ ; , and g ± and have calculated with Pol¬ 
der’s formulas the splitting of the lowest orbital levels by the crystalline 
field. The results of Bagguley and Griffiths, 21 g^ = 2.47 and g ± = 2.00, 
give with Eqs. 5.14 and 5.15 


E 4 — E% = 14,000 cm 


—1 


E 5 - E 3 = 28,000 cm 


—1 


The copper Tutton salts, which have the chemical formula CuM 2 - 
(S() 4 ) 2 -0II 2 O or GuM 2 (Se0 4 ) 2 • (>II 2 0 where M is a monovalent, dia¬ 
magnetic ion, have been investigated by Bleaney, Penrose, and Plump- 
ton.' 2 '’ Although no X-ray determination of their structure had been 
made, Polder, 11 from a comparison of the known structure of a similar 
salt of Mg, assumed two ions in the unit cell with tetragonal symmetry 
of the crystalline field through each and obtained formulas like those of 
Eqs. 5.14 and 5.15 for the g factor. To a first order of approximation 
the paramagnetic resonance results of Bleaney, Penrose, and Plumpton 
confirm the structural feature assumed by Polder. However, some of 
the salts investigated showed departure from tetragonal symmetry. 
Particularly, CuK 2 (S 04 ) 2 * 6 H 2 () showed evidence of a strong rhombic 
component of the field. | 


1G 


An unusual behavior has been found by Lancaster and Gordv 1U m 
the paramagnetic resonance spectra of copper acetate. A peculiar 
splitting of a resonance line which collapsed into a single line at verv 
high fields was found. Also, a rather strong line at approximatelv 
twice the frequency of the main transition was observed. The latter de¬ 
creased rapidly with increasing fields and disappeared at the highest 
fields used. These effects were ascribed to a coupling of electrons of 
neighboring C 11 ions, with the high frequency line being ascribed to a 
simultaneous flipping of two coupled electron spin vectors. Bleaney and 
Bowers 26 have investigated this salt with single crystals and at low tem¬ 
perature and have obtained convincing evidence confirming this inter¬ 
pretation. The behavior of the resonance with decrease in temperature 
18 shown to be in agreement with the susceptibility measurement of 
Guha, 23 who found that the susceptibility of copper acetate decreases 

t It was pointed out by Bagguley and Griffiths [Proc. Phgs. Soc. AG5, 594 (1952)| 
that the tetragonal field might have a different sign in the copper Tutton salts from 
that assumed by Polder. In that case, <j , 2.0, g ± = 2(1 — 3\ AE). 
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rapidly with temperature and that at about 50° K it should vanish en¬ 
tirely. This result, with the microwave spectra, shows without doubt 
that the two Cu ions in unit cell are coupled strongly b} r exchange inter¬ 
action and that at very low temperatures all the electrons are aligned in 
an anti-parallel fashion by exchange interaction. Bleaney and Bowers 
found that the paramagnetic resonance disappears entirely at 20° K. 

(6) Chrome alums. The chrome alums have the general chemical 
foimula CiM(S 0 4 )2-12H 2 0, where AI is a monovalent, diamagnetic 
ion such as K + , Cs + , or NH 4 + . X-ray diffraction shows that the Cr ++ ' f 
is surrounded b} r an octahedron of water molecules which produces a 
laige electric field of cubical symmetry with, however, a small super¬ 
imposed field of trigonal symmetry, the axis of which is directed along 
a body diagonal of the cube. The unit cell contains four Cr +++ ions. 
The ground state of ( r +++ is 4 F% with a rather weak spin-orbit cou¬ 
pling, X = 87 cm 1 . The seven orbital levels are split by the cubic 
field into a singlet and two triplets, with the singlet lying lowest by 
several thousand wave numbers so that at ordinary temperatures it is 
the only one which is populated. Through the spin-orbit coupling the 
trigonal component of the field splits the four spin levels into two dou¬ 
blets (corresponding to M s = ± l A and ±K) with separations of a 
fraction of a wave number. An external magnetic field further dis¬ 
places these levels and removes the remaining degeneracy (Kramers’ 
degeneracy). 

Several chrome alums have now been studied. (See Bibliography.) 
All were found to have the structural features predicted by Van Vleck, 27 
i.e., a strong cubic crystalline field with a superimposed trigonal com¬ 
ponent which has its axis along a body diagonal of the cube. In all, the 
initial separation of the spin doublets was found to be of the order of 
0.15 cm -1 at room temperature. See Table 5.4. 


Table 5.4. 

Splittings (c 

in ') in various chromic al 

ums at low 

temperatures 



by Bleanev 30 
• » 



Tempera¬ 
ture, °K 

Ammonium 

Potassium 

Rubidium 

Cesium 

Methylamine 

290 

0.135 

0.12 

0.165 

0.145 

0.165 

193 

0.085 

0.055 

0.126 

0. 134 


90 

0.035 

! 0.26 

\ 0. 15 dr 0.01 

0. 108 dr 0.002 

0.133 dr 0.002 

0.170 dr 0.003 

80 

/0.314 ± 0.003 
\ 0.242 dr 0.003 





20 

J 0.317 dr 0.003 

V 

0.270 dr 0.003 

0. 108 ± 0.002 

0.133 dr 0.002 

0. 170 dr 0.003 

t 0.240 db 0.003 

0.15 dr 0.01 



Figure 5.1 shows the energy levels of potassium chrome alum as a 


function of the external field II for two different crystal orientations 





SALTS OF THE IRON-GROUP ELEMENTS 


231 


with the predicted resonant lines at 9375 Me. Figure 5.2 shows the 
observed spectrum for one orientation. 

Analytical expressions for the energies for particular orientations of 
the magnetic field and the trigonal axes have been worked out. 10 - 12 - 13 




Fig. 5.1. The spectrum of CrK(S0 4 ) 2 - 12H*0. The magnetic field is oriented along 
oik? of the body diagonals of the unit cube and so makes an angle 0 = 0° with the 
cylindrical electric field of one ion and an angle 0 = 70° 33' with that of the other 
three ions. Energy levels for these two cases are shown, and the transitions possible 
at a frequency of 9375 Me are indicated. These are compared with the observed 
spectrum. The energy levels are labeled with the strong-field quantum number M s . 

(From Kikuchi and Spence, Am. J. Phys. 18, 167 (1950).] 


These allow a determination of the initial splitting of the spin levels 
from the resonant peaks. For example, when the external field is per¬ 
pendicular to the (110) plane the trigonal axes at two of the Cr +++ ions 






232 


SPECTRA OF SOLIDS AND LIQUIDS 

in unit cell are perpendicular to the magnetic field, 
gies 28 are 

E = ±£f + i)K 

and 

- (? 2 =F f + i)« 


and their ener- 


(5.17) 


The other two ions are oriented 35° 10' with the external field and have 
energies determined by 




(2 + f£ 2 ) - 2 fE + (1 - if) 


2 



(5.18) 


In these equations E is the energy in units of 5/2, where 5 is the splitting 
of the spin levels in zero field [E = W(2/6)] and £ is the Zeeman energy 



D-c field, in oersteds 


Fig. 5.2. Reflected power as a function of d-c field intensity for potassium chrome 
alum with the field perpendicular to the (111) face. Undiluted salt given by solid 
curve; diluted by dashed curve. (From Whitmer, Weidner, Hsiang, and Weiss. 28 ) 


in the same units [£ = gfiH(2/8)]. Selection rules for the strong-field 
case, AM 8 = ±1, apply for absorption of waves of 3 cm or shorter for 
which hv is large compared with <5. 

An interesting variation of 8 with temperature was found for potas¬ 
sium and ammonium chrome alums by Bleane}' and Penrose. 29 These 
observers noted that the values for 8 for these alums as previously ob¬ 
tained from low-temperature paramagnetic relaxation measurements 
are about twice the values obtained from the new microwave paramag¬ 
netic resonance results at room temperature. Upon making microwave 
measurements at 20° K, they found that the paramagnetic resonance 
results were in good agreement with the low-temperature results ob¬ 
tained by other methods. The splitting, <5, was then measured as a 
function of temperature. This variation for the ammonium alum is 
shown in Fig. 5.3. The splitting was found to decrease approximately 
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linearly with temperature down to about 9° K, and then to increase 
suddenly, with further decrease of temperature, to a value more than 
twice that at room temperature. The results are interpreted qualita¬ 
tively as a gradual change of symmetry in the crystal until a point of 
sudden transition to a new stable structure with a different crystalline- 
field symmetry is reached. Below the transition temperature, <5 changes 



Fig. 5.3. Variation of Stark splitting with temperature in ammonium chrome alum. 
+ , before shattering. O, after shattering. (From Bleaney and Penrose. 29 ) 


but little with temperature. The potassium alum showed a similar be¬ 
havior except that the transition is gradual rather than of a discontinu¬ 
ous nature. In both these alums two values of 5 are found below the 
transition point. (See Table 5.4.) In ammonium chrome alum they 
are attributed by Bleaney 30 to two different atoms in the unit cell. Xo 
satisfactory explanation for the complete behavior of the potassium 
alum has been found. For a discussion of its peculiarities, see the paper 
by Bleaney. 30 None of the other chrome alums investigated bv Bleaney 
showed significant variation of <5 with temperature. Table 5.4 sum¬ 
marizes his results. 

(c) Titanium alums (Ti 4 f ' ). The titanium alums have the same 
general chemical formula as the chromium alums, TiM(S() 4 ) 2 • 12II 2 (), 
where M is a diamagnetic, monovalent ion such as K + , Rb + , or Cs 4 ". 
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They presumably also have similar crystal structures; i.e., the Ti +++ is 
subjected to a strong crystalline field of cubic symmetry with a small 
trigonal component. 30 However, unlike Cr +++ , the Ti +++ has only a 
single unpaired electron, and its ground state is 2 D Vr The cubic field 
splits the five orbital levels into a doublet and a triplet, of which the 
triplet lies lower. The trigonal component of the field splits the ground 
triplet into a doublet and a singlet, of which the singlet is lower. Since 
S = V 2 , the spin degeneracy of the orbital levels cannot be lifted by the 
crystalline field, and paramagnetic resonance should always be ob¬ 
servable in the microwave region, provided that the spin-lattice relaxa¬ 
tion time is not so short as to cause the lines to be too broad for detection. 

Efforts made by the Oxford group 7 to detect resonance absorption 
in cesium titanium alum at temperatures as low as 20° K failed. Later 
Bijl 31 was able to detect in the powder at 8° K a single resonant peak 
which gave a g factor of 1.34. This was interpreted by Bleaney 30 as g± 
(g for external field perpendicular to the trigonal axis). He pointed out 
that for random orientation in the powder the line corresponding to g j_ 
should represent the stronger peak because of the greater geometrical 
probability of the _L orientation. From this he calculated the separa¬ 
tion, Aof the two lowest orbital levels as 410 cm -1 , and, using the 
latter, calculated g\\ as 1.75. Thus, there is considerable anisotropy in 
the g factor. The small value of A/, obtained, accounts for the small 
spin-lattice relaxation time which prevents detection of the resonance 
absorption at ordinary temperatures. 

5.1/. Rare Earths. The most complete studies of rare-earth salts are 
on the ethyl sulphates. These have the general formula M^HsSO^- 
9H 2 0, where M represents the rare-earth element. These salts were 
employed by Bleaney and Scovil 32 in the determination of the spins of 
Nd 143 , Nd 145 , and Er 167 . A preliminary theoretical treatment of their 
paramagnetic resonance has been given by Elliott and Stevens. 33 This 
treatment may be applied to other salts having similar crystalline 
fields. It illustrates the difference between the approach to the study 
of the rare earths and to that of the iron-group salts. For this reason, 


it will be summarized here. 

It was assumed by Elliott and Stevens 33 that the crystalline-field 
symmetry is of the D S h type and that it is not sufficiently strong to 
break down the spin-orbit coupling, but that it lifts the 2 J + 1 de¬ 


generacy partly or completely. The first-order perturbation treatment 
is employed, and the axis of symmetry is taken as the z axis. The total 
momentum, J, then has quantized components, J 2 , along z. With 
these assumptions, the following predictions were made by Elliott and 


Stevens. 
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Ce +++ . This ion has an 2 F^ ground state and one unpaired 4/ elec¬ 
tron. A doublet corresponding to J z = ± 3-2 lies lowest. At tempera¬ 
tures sufficiently low so that only this lowest level is significantly popu¬ 
lated, no resonance is expected since a transition between the + 5-2 and 
— % level is forbidden. 

Nd +++ . The ground state of this ion is 4 1 It has three unpaired 
4/ electrons. The doublet J z = ±~2 lies lowest, with that for J z = 
=t % not far above. To account for the observed spectrum, a mixing 
of these two states to give the lowest states, a (J 2 ) + b ( — '}>?) and 
a (— 7 /2) + b (%), is postulated. With | a = 0.9 and b = 0.4, Elliott 
and Stevens obtained r/y = 3.54 and g ± = 2.0, in good agreement 
with the values of 3.01 and 2.05 observed by Bleaney and Scovil. 32 ® 
The hyperfine structure resolved by the latter observers was found to 
conform to Bleaney \s 14 general theory based on the reduced Hamil¬ 
tonian of Abragam and Bryce . 10 (See Art. 5.1c.) 

G g/ + 4_4 \ Because in its ground state this ion has no orbital momen¬ 
tum (S state), the crystalline field will exert only second-order effects to 
produce a fine structure, treated in Art. 5.1c. Several different (Id 4 4 f 
salts have been studied , 716 and in each the g factor was found to be 
nearly 2. The hyperfine structure has not yet been resolved and must 
be presumed to be extremely small. 

Dy +++ . The ground state of this ion is '7/ 15 ,. Elliott and Stevens 
predicted the lowest state to be J 2 = ±^2 with some contribution 
from J z = ± 3 2 - Ao transition is allowed by the selection rules, and, 
so far, no resonant absorption has been reported. 

AV 4 " 4 ! . The ground state of this ion is 4 /i^>. Bleaney and Scovil 
have observed g^ = 1.47 and g ± = 8.85 in erbium ethyl sulphate. It 
is shown by Elliott and Stevens that two different combinations of 
levels could account for the observed g factor. These are admixtures 
ot ./, = d =^2 and ± 121 which are low-lying levels according to their 
assumed potential function, or of ,J z = 4=3^, lying lowest, with small 
contributions from the =h 11 ? and states. The hyperfine struc¬ 

ture was found to conform to the general theory of Bleaney (see Art. 
5.1c, Art. 5.1/), which assumes axial symmetry. 

B /> 4 r4 . The ground state is Elliott and Stevens predicted 

the lowest levels as J z = ± 3 : 2 , between which no transitions are allowed. 
In agreement with this, no resonant absorption has been found. 

5.1#. L ran in 11 Salts. ( Ihosli, Hill, and Gordy 35 have observed para¬ 
magnetic resonance in the powdered uranium salts UF ;< and UF 4 . The 
lines were very weak and broad at room temperature. That of U F A 
became stronger at the temperature of Hijuid air. The g factor was 
lound to be greater than the free-spin value and 2.2 for UF 4 and 2.4 
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for UF 3 . The UF 3 resonance was found to be asymmetric with the 
strongest peak corresponding to a g factor of 2.4. This suggests a mag¬ 
netic axis of symmetry with g x = 2.4. Details are yet to be worked out. 

5.1/i. Organic Free Radicals. Organic free radicals have unpaired 
electron spins and thus exhibit paramagnetic absorption. Work in this 
potentially large field is just beginning. Although a paramagnetic 
resonance line of an organic free radical was detected by Holden, Kittel, 
Merritt, and Yager 3j in 1949, only a few other free radicals have since 
been studied. Some of the later results are summarized in Table 5.5. 


Table 5.5. Free radical results of Holden, Kittel, Merritt, and Yager 


35 


Diphenyl trinitrophenyl hydrazyl 

(C 6 H 5 )2N— NC 6 H 2 (N0 2 )3 

Di-para-anisyl nitric oxide 

(p— CHsOCeH-ihNO 

0-(Phenyl nitrogen oxide)-0-methyl pen- 
tane-5-one oxime N-phenyl ether 
0N(C 6 Hb)C(CH3)2CH 2 C(CH,)N(C6H5)0 

I_ I 


Line Half-Width 
U (gauss) 

2.0036 dh 0.0002 1.35 


2.0003 ± 0.0005 


15.7 


2.0057 dh 0.0002 


0.2 


A striking feature ol the results shown in Table 5.5 is the narrowness 
of the lines, particularly that in diphenyl trinitrophenyl hydrazyl. 
Holden, Kittel, Merritt, and Yager 35 pointed out that the line half- 
width for these compounds should be about 100 gauss from spin-spin 
broadening alone. They attributed the narrowness to the exchange 
effects predicted by Gorter and Van Aleck. 19 Townes and Turkevich, 36 
who also investigated diphenyl trinitrophenyl hydrazyl, showed that, if 
the unpaired electron remained on one of the N atoms, the spread in 
the hyperfine structure would be much greater than the observed line 
width. They attributed the absence of hyperfine structure to the migra¬ 
tion of the unpaired electron in the organic radical. The latter ob¬ 
servers obtained additional proof for exchange narrowing by studying 
the radical in benzene solution. The line width was actually greater 
by several fold in the solution, even though the dipole-dipole broaden¬ 
ing should be less for the more widely separated radicals. 

The g factors observed for these radicals are also of interest. In all 
cases they are very close, but not exactly equal, to that of the free- 
elect ron spin. The deviations are evidence for a small amount of spin- 
orbit coupling. The evidence for spin-orbit coupling is greatest for 
the last radical listed in Table 5.5. For it, the g factor is anisotropic 
and varies from 2.0035 to 2.0073 for different orientations. 
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after irradiation for 24 hours in a flux of approximately 10 12 neutrons 

per cm 2 was about Ho that of an equal amount of CuS0 4 -2H 2 0. Within 

the experimental error, a g factor of that for the free electron was 
obtained. 

Paramagnetic resonance in KC1 irradiated with X-rays has been 
obtained by Schneider and England. 38 In this experiment a g factor 



Fig. 5.5. Paramagnetic resonance of LiF crystals after irradiation with neutrons. 

(From Hutchison. 37 ) 


of 1.998 ± 0.003, slightly different from that of the free-electron spin, 
was obtained. These observers suggest as a possible explanation of this 
discrepancy a resonance between F centers and V centers. The width 
of the line for KC1 is about 40 gauss. Schneider and England report 
that the line width varied slowly with the concentration of color centers, 
but more rapidly with temperature change. Similar investigations were 
made on NaCl and KBr by these researchers. 

Paramagnetic resonance in irradiated crystals is a new method of 
investigation of the interesting phenomena of color centers in crystals. 


If, as Schneider and England suggested, observable resonance effects 
occur between F centers and V centers, the line widths and g factors 
can be used to obtain information about the separations of F centers 
and V centers. Another possible application is the study of the rates 
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of formation or disappearance of these centers. Also, one might design 

on this principle. The investiga¬ 
tion of nuclear hyperfine structure of the atom in the V center having 
unpaired electrons is an interesting possibility. However, the exchange 
effects between F centers and V centers suggested by Schneider and 
England could wipe out the hyperfine structure. 

A new field of investigation with paramagnetic resonance has been 
opened up by Schneider, Day, and Stein, 39 who observed sharp reso¬ 
nance in many plastics after irradiation with X-rays. The unpaired 
state of the electrons is presumably caused by the breaking of a bond, 
with the two electrons of the bond then migrating to different radicals 
in the plastic. Figure 5.6 shows their results on polymethylmethacrylate 



tic;. 5.G. Magnetic resonance spectrum of irradiated Perspex at v = 9500 Me. 

(From Schneider, Day, and Stein. 39 ) 

(Perspex). The structure of the line is now believed by Schneider 10 to 
be a hyperfine structure arising from the interaction of the unpaired 
electrons with hydrogen nuclei in the organic radicals. This interpre¬ 
tation is a revision by Schneider of the original one that the free elec¬ 
trons are concentrated in regions like F centers in crystals. The revised 
interpretation appears to be the correct explanation although quantita¬ 
tive details are yet to be worked out. The same structure was obtained 
for colored and uncolored Perspex, but slightly different g factors were 
observed for the two. It seems likely that the production of paramag¬ 
netic spectra in organic substances might be induced by ultraviolet 
light as well as by X-rays. 

5.1j. Alkali Metals in Solution. The alkali metals dissolved in 
liquid ammonia and certain other solvents dissociate into positive metal 
ions and electrons. The metallic ions have the noble gas configuration 
and cannot exhibit paramagnetic absorption. However, the electron 
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“gas” thus formed in the solution does have a paramagnetic resonance 
which arises from the electron spin. 

Paramagnetic resonance absorption of the electrons of potassium 
metal solutions in liquid ammonia was detected by Hutchison and 
Pastor 41 at a frequency of 23,700 Me. The line was found to be ex¬ 
tremely sharp, only 3 Me (or 0.1 gauss), and was displayed by the 
ordinary frequency-sweep technique employed in the spectroscopy of 
gases. The g factor obtained, 2.0012 with a mean deviation of 0.0002, 
is very nearly, but not exactly, that of an entirely free electron, 2.0023. 
Measurements have since been made by Garstens and Ryan 42 on Na 
and K solutions in liquid NH 3 in the microwave region and at low radio¬ 
frequencies. The results obtained are similar to those of Hutchison 
and Pastor. Also, in the low r-f region similar results have been ob¬ 
tained on solutions of the alkali metals in metlwlamine and in ethyl- 
enediamine, as well as in ammonia, b}' Levinthal, Rogers, and Ogg. 43 
The latter observers obtained line widths as low as 0.08 gauss. 

The lines in alkali metal solutions appear to be even sharper than 
those of organic free radicals and are extremely promising for the 
measurement of magnetic fields and the stabilization of electromagnets. 
It is not yet evident what information about the nature of solutions can 
be obtained from studies of this type. 

5.1 k. Conduction Electrons in Metals. Spin resonance of con¬ 
duction electrons in metallic sodium has been observed by Griswold, 
Kip, and Kittel 43a at room temperature and at 77° K. Fine particles 
of the sodium (diameters of 10“ 3 to 10 -4 cm produced by supersonic 
waves) were suspended in paraffin wax. The resonance, observed at a 
frequency of 9240 Me, was found to have a half-width of 78 oersteds. 
Within the experimental error, the g factor was that of the free electron 
spin. It is expected that much sharper resonances can be obtained in 
later work. This experiment provides an interesting new approach to 
the study of conduction electrons in metals. 

5.11. Hyperfine Structure. A development of considerable con¬ 
sequence is the resolution of hyperfine structure in paramagnetic reso¬ 
nance, which was first accomplished by Penrose 44 (1949). This field 
has been rapidlj r explored by other Oxford researchers, particularly by 
Bleaney, Pryce, Abragam, Ingram, Bowers, and Scovil. (See Bibliog¬ 
raphy.) The nuclear spins of several rare-earth elements have already 
been determined. In addition to spins and magnetic moments, infor¬ 
mation about nuclear quadrupole moments can be obtained in many 
instances. Indeed, it appears that nuclear moments of practically all 
stable isotopes of the iron-group and rare-earth elements will eventu¬ 
ally yield to this method. Usually the measurements must be made 
at low temperatures—that of liquid hydrogen or helium—and with 
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specimens diluted with non-magnetic materials to avoid the various 
broadening effects already discussed (Art. 5.Id) which prevent resolution 
of the hyperfine structure under ordinary conditions. 

The theory for the spacing of the I 13 ’per fine frequency components is 
discussed in Art. 5.1e. Although no completely general formula has 


S = V 2 Mj 



Fig. 5.7. 



+ 3/2 +i / 2 -i / 2 - 3/ 2 

-► // 

Energy-level diagram and resulting hyperfine structure in paramagnetic 
resonance for *S = }^, / = (From Bleaney. 14 ) 


been developed, Eq. 5.7 by Bleaney has wide application. To a first 
approximation the hyperfine structure consists of 2 / + 1 equally spaced 

components of equal intensity with separation 

* 


whei 


Aw = KMf/hj 


•( 


1 


K = - (A 2 gf cos 2 0 + B*g ± 2 sin 2 0)*, 
0 


(5.19) 


(5.20) 


as given by the first term in Bleanev’s formula, Eq. 5.7. This simple 
formula holds when the intervals of the hyperfine structure are small as 
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compared with g/3H, and when the nuclear magnetic interaction is large 
as compared with the quadrupole interaction. The first-order quadru- 
pole interaction displaces equally all levels with the same Mr, and, as 


m 



3/2- 1 —" 

(a) (b) 


Fig. 5.8. Hyperfine structure and allowed transitions in strong magnetic field for 
the case, S = and / = %. (a) Magnetic interaction only; ( b ) electric quadrupole 

interaction added. (From Bleaney. 14 ) 

long as the selection rule AM/ = 0 holds, has no effect on the separa¬ 
tion of the hyperfine frequency components. Thus one can usually 
determine the nuclear spin by simply counting the components of each 
main transition and can obtain the interaction constant K by measur¬ 
ing the line spacing. 

During observation of the spectrum the radiation frequency is usually 
held constant and the magnetic field is varied. Figure 5.7 illustrates 
a simple spectrum of this t}^pe. Figure 5.8 illustrates the displacement 
of the levels by quadrupole interaction. 14 Note that the frequencies of 
the allowed transitions are not changed by the quadrupole effects. 
Figure 5.9 reproduces an observed hyperfine spectrum of MnS0 4 m 
aqueous solutions at room temperature. Note the six peaks corre- 
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sponding to / = for A In 55 . Because of the S ground state of Mn 1 + 
the spin-lattice relaxation time is sufficiently long to make the obser- 
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1 A r 




1/3 N 



i' Ki. 5.9. I Iyperfine .structure of MnSO., at different concentration in aqueous solu¬ 
tion. The lines are broadened rapidly by exchange interaction as the concentration 

is increased. (from Schneider and Kngland. 3 *) 


vation possible at room temperature. Figure 5.10 illustrai 
hue structure in single crystals for nuclear spins of ('(’u 

% ((V* 0 ). 
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The quantum number F, so conspicuous in the theory of hyperfine 
structure of isolated atoms and molecules, is notably absent in the theory 
oi hyperfine structure of microwave paramagnetic resonance. In para¬ 
magnetic salts F is not well defined because of the crystalline-field 
(‘fleets. The hyperfine structure is somewhat analogous to the Back- 
(ioudsmit effect in the atomic hyperfine structure, except that, while 



I'lo. 5.10a. Hyperfine structure of paramagnetic resonance of copper potassium 
sulphate. Smaller lines of end doublets arc due to Cu 65 , larger ones to Cu fi3 . Lines 
. ‘ are due to quadrupole effects. (Compare with Fig. 5.11.) [From 

Bleaney, Bowers, and Ingram, Proc. Ptuja. Soc. ( London ) A64, 758 (1951).1 



I k;. 5.105. Hyperfine structure of the paramagnetic resonance of cobalt ammonium 
sulphate. The spacings are unequal because of second-order effects. Note tlie 2/ + 1 
components corresponding to a spin of >•> for Co’ 9 . (From Bleaney and Ingram, 

Proc. Ron. Soc. A 208, 143 (10.51).] 


S processes about the external field, I processes about tho resultant field 
at the nucleus which arises from the unpaired electrons, i he latter 
field is several hundred kilogauss as compared with the usually lev 
kilogauss of the applied field. The relatively weak coupling between 
H and I accounts for the selection rule AM j = 0. As the value of Ms 
changes, that of Mj remains constant. The resulting change in the field 
at the nucleus caused by the reorientation of S brings about a change in 
the interaction energy of S and I which must be made up bv the radia¬ 
tion field. This change in interaction energy varies with different values 

of Mr and is proportional to S-I. 
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It has been mentioned above that first-order nuclear quadrupole 
effects cause no observable change in the spectrum. However, if the 
Q' is not small as compared with K, second-order quadrupole interac¬ 
tion produces a change in separation of the hyperfine lines, as is indi¬ 
cated by Eq. 5.7, which varies from group to group. Bleaney 14 has 
pointed out that this feature allows a determination of the signs of 
A, B, and D, which cannot be determined from the first-order spectrum, 
and, in addition, allows an estimate of Q'. The second-order quadrupole 
effects are distinguishable from other second-order effects because the 
former cannot be eliminated by strong fields and because the separa¬ 
tions of the hyperfine lines do not show a uniform variation but are 
greatest either at the end or at the middle of the group. 14 Furthermore, 
the quadrupole effects can be detected through the first-order forbidden 
transitions. These transitions produce small satellites of the magnetic 
hyperfine lines which have intensities of the order of ( Q'/K) 2 as com¬ 
pared with those of the latter. Approximate formulas for the positions 
and intensities of these satellites have also been worked out by Bleaney 14 
and are reproduced here for convenience. For the lines corresponding 

to (M s , k±y 2 ) -> (Ms - 1, k T y 2 ), 


E = Kk± j K(M S - y) + Q”k - 7'i 


Int = 4A; 2 j (I T y? - k 2 \X, 

where k takes values (I — y), (/ — %), • 
lines (M s , M T ± 1) -> (M s - 1, M T =F 1), 


(5.21) 

(5.22) 


, — (I ~ Yi)‘ For the 


E = Ad// ± \K(2M S - 1) + 2 Q"M f - 2y'\\ 
Int = {(/+ l) 2 — Mi 2 ) [I 2 — Mi 2 \ Y, 


(5.23) 

(5.24) 


where Mi takes values (/ — 1), (1—2), 
equations 


• • • 


, — (/ — 1). In these 


X = 


21 + 1 


Q' 


| 2 (A BcjmEV 


—— ) cos" 0 sin 2 0, 


2KM S (M S - 1)J V K 2 g 


Y = 


f 


Q ' 


2 


By 


± 


sin 4 0, 


21 + 1 SKM s (M s - i)J V Kg 


2 „ 2 


Q " = Q ' cos2 6 ~ 1 


y' = gi&iH.(Ag% cos 2 e + Bg _ L sin 2 9)/Kg, 
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15 


30 


45 


2 depends on several factors 14 but is constant for a given hyperfine 
multiplet. Figure 5.11 shows the appearance of these satellites as a 

function of 6 as predicted by Bleaney 14 for 
the particular case where A = B = 5Q', 
0 11 = 9±> S = 3^, and / = The four 
strong, equally spaced lines are the 
magnetic hyperfine spectrum and do not 
change with 0 since = g ± . The satel¬ 
lites which first appear at 6 = 15° in¬ 
crease in intensity and move away from 
the main lines as 6 increases up to 
6 = arc cos 1/ \/3, where the two pairs of 
lines cross, then separate and get weaker 
as indicated. The satellites appearing 
at 6 = 90° correspond to AMj = d=2. 
They become weaker with decreasing 6 
and coincide with the main lines at 
6 = arc cos l/\/3. The magnitude of Q' 
can be determined from a measurement 
of the position of the satellites by appli¬ 
cation of the above formula. Because of 
the symmetry of the pattern, the sign of 
Q' cannot be determined. 

The term in grfiH which has been 
neglected becomes of importance for high 
values of H. This is simply the Larmor 
precessional energy of the nuclear spin 
about the external field, the quantity 
which is measured directly in the well- 
known nuclear magnetic resonance ex¬ 
periments. For fields of 10 kilogauss, 
these frequencies are of the order of 15 
Me. This energy acts to increase the 
separation of the quadrupole satellite 
doublets on one side of the spectrum 
and to decrease it on the other side. As 
a result of the destruction of the sym¬ 
metry of the pattern, it becomes possi¬ 
ble 14 to determine the signs of A , B, and Q'. 

The hyperfine structure in a large number of iron-group and rare- 
earth salts has already been investigated, and the constants, A, B, I), g\\, 
g ± , and, in a few cases, Q' have been determined. These are too exten- 
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Fiu. 5.11. Quadrupole effects in 
spectrum for S = I = with 
no anisotropy and A = B = 5 Q'. 
(From Bleaney. 14 ) 



TIYPERFINE STRUCTURE 


217 


sive for listing here. In Table 5.G are summarized the nuclear moments 
which have been checked or originally determined by this method. 
Salts having axial symmetr}' have, in general, been employed, and 
Bleaney’s formula, Eq. 5.7, has been found adequate lo account for 
practically all results. 

Table 5.6. Summary of nuclear properties from paramagnetic resonance 

H Quadrupole 

(nucl. Moment 

Spin magnetons) Q(in 10 -24 cm 2 ) Ref. 


Iron Group 


Cu 63 

Xt 


-0. 

12 7 ± 0.01 

t 


Cu 65 

Xt 


-0. 

11 7 =fc 0.01 

t 


Co 59 • 

X t 




t 


Mn 65 

Vt t 




t 


V 51 

X t 




t 


yso 

6 




t 


Cr 63 

X 




X 




Rare Earths 




Nd 143 

Vi 

1.4 


<25 

32 a, 

33 

Nd 145 

V* 

0.85 


<25 

32a, 

33 

Eb 167 

Vi 

0.6 


<17 

326, 

33 

Gd 155, 157 

No hvper 

fine structure 

could be observed. 

t 



t Previous spin determination confirmed. 
X For references, see Table A.l. 


An interesting feature discovered in paramagnetic hyperfine structure 
is that the nuclear magnetic interactions in several of the iron-group 
salts were found to be many times larger than calculated for the ex¬ 
pected spectroscopic ground state of the ions. For example, in Mn ++ 
salts the spacing of the hyperfine lines is of the order of 100 times greater 
than that, predicted for the %< 2 ground state 45 and is essentially the 
same in different salts. These abnormal splittings have been accounted 
for satisfactorily by assuming small contributions from higher states 
having unpaired s electrons. It was suggested by Abragam 45 that in 
these excited states, one of the 3s electrons is promoted to a 4s orbital. 

No such evidence for excited-state contributions has been obtained for 
the rare-earth ions. 

Zero-field case. In some instances the internal interactions are such 
as to allow observation of radio-frequency resonance absorption in 
paramagnetic salts in zero magnetic field. The hyperfine structure of 
these transitions is treated by Bleaney. 14 The theory is more involved 
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than that for the strong-held case. However, the transitions sometimes 
allow a direct determination of the nuclear quadrupole coupling. The 
spectrum is usually complex, but certain cases are relatively simple. 


5.2. FERROMAGNETIC RESONANCE 

Magnetic resonance absorption in ferromagnetic substances was dis¬ 
covered by Griffiths. 46 Its existence had been predicted earlier by 
Landau and Lifshitz. 47 It has been further investigated by Yager and 
Bozorth 48 and by a number of other researchers. (See Bibliography.) 
It is the ferromagnetic analog of the paramagnetic effects already 
discussed. Because of the relatively high conductivity of ferromagnetic 
materials, the methods of observation differ somewhat from those of 
paramagnetic resonance, and because of the effects of the demagneti¬ 
zation held, the formula for the resonant frequencies must be modified. 49 

In the original work of Griffiths the observed resonant frequencies 
were found to be several times higher than those predicted for Larmor 
fi equencies of electron-spin vectors. This apparent anomaly was satis¬ 
factorily explained with classical macroscopic theory by Kittel, 49 who 
attributed the effects to the demagnetization held. Van Vleck 60 and 
I older 61 have shown that quantum theory leads to the same results as 
the simpler macroscopic theory employed by Kittel. 

The resonant frequencies were shown to depend upon the shape of the 
sample. For a plane surface with both the applied held H and the 
magnetic vector of the radiation parallel to the plane of the specimen, 

r = gfi VWl/h; (5.25) 

and with II perpendicular to the plane and with the magnetic vector of 
the radiation in the plane of the specimen, 

^ = gp(H - 4irM)/h. (5.26) 

For small spherical specimens the usual Larmor theorem applies, and 
the frequencies are 

* = g(3H/h. (5.27) 

For a long, circular cylinder with the constant H along the axis and the 
magnetic vector of the radiation perpendicular to it, 

= g0(H + 2tt M)/h. (5.28) 

In these formulas, g is the spectroscopic splitting factor, 0 is the Bohr 
magneton, II is the applied d-c magnetic field, B is the magnetic in¬ 
duction in the sample, and M is the magnetization. Equations 5.26-5.28 
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apply only when the skin depth for the resonant frequency is large in 
comparison with the radius of the specimen. Absorption can be ob¬ 
served for ‘small cylindrical specimens even for zero external fields. 
Resonance in unmagnetized specimens, “natural ferromagnetic reso¬ 
nance,” has been observed by Welch, Nicks, Fairweather, and Roberts. 52 
The above formulas are special cases of the more general formula 

, = - [{ H,+ (Ny - N Z )M Z ) [H z + (N x - N z )M z \] y * (5.29) 
h 

derived by Kittel. Here N x , A r y , and N z represent the demagnetization 
factors for fields along x, y , and 2 ; M z is the magnetization along 2 in the 
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Application of Kittel theory to ferromagnetic resonance experiments. 

(From Kittel. 49 ) 

direction of the applied fields //*. The direction of the magnetic com¬ 
ponent of the r-f field is taken along x. This formula assumes uniform 
magnetization throughout the specimen. It does not take into account 
possible anisotropy in the g factor, also treated by Kittel. (See below.) 

Kittel s theory was found to be in good agreement with observation, 
higure 5.12 demonstrates this agreement for several ferromagnetic 
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metals with plane specimens. The theory has been applied to small, 
spherically shaped polycrystalline specimens of manganese ferrite by 
Guillaud, Yager, Merritt, and Kitted A g factor very close to 2 was 
obtained with Eq. 5.27. Because the two ions in manganese ferrite, 
Mn and Fe +++ , are isoelectronic, the predicted g factor is inde¬ 
pendent of the manner in which the two ions are coupled. It was 
pointed out by these observers that the fact that the observed g factor is 



Static magnetic field in oersteds 

Tig. 5.13. I*erromagnetic resonance in polycrystalline manganese ferrite (sphere of 
0.024-in. diameter). (From Guillaud, Yager, Merritt, and Kittel. 63 ) 

in agreement with this theory is confirmation of the simple ionic model 
of the electronic structure of the ferrites. The resonance curve which 
they obtained is shown in Fig. 5.13. 

Kittel 49 also shows that for single ferromagnetic crystals the resonant 
frequencies depend upon the angle of the magnetic field with the crystal¬ 
line axes. For an uniaxial crystal with the axis parallel to //, the value 
of the effective H is increased b}' 2K/M, where K is the anisotropy 
constant. More generally, 

V = ~ [[H. + (N x - N,)M,+M8)]IH m + (Ny - N z )M:+f 2 m H > 

h 

(5.30) 

where 0 is the angle between the z axis and an axis in the crystal. For a 
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cubic crystal with 6 as the angle between 2 and the (100) plane 


and 


2K l 

f 1 ( 6 ) = -— cos -10 

j\I z 

K 1 /3 1 

m - j,- (2 + i c “" 


Specific values of fi( 6 ) and/ 2 (0) for certain other cases are given in the 
papers by Kittel, 49 Van Yleck, 50 and by Bickford. 54 Tlie theory has been 
applied by Kip and Arnold 55 to a single crystal of iron and found to 
account satisfactorily for the observed frequencies, with only a slight 
modification to take into account the fact that the direction of magneti¬ 
zation may deviate from the direction of the applied field. It has also 
been applied by Bickford 54 to single crystals of magnetite. 

The g factor in these equations is not equivalent to the magneto¬ 
mechanical ratio obtained in the usual gyromagnetic measurements. 
This has been emphasized by Kittel, 56 who calls the g factor obtained in 
paramagnetic or ferromagnetic experiments the “spectroscopic splitting 
1 actor ’ and designates it as g. The corresponding gyromagnetic factor 
he designates as g . These distinctions and notations are now commonly 
accepted. The difference here does not arise from the large effects of the 
magnetization fields accounted for in Kittel’s formulas, just discussed, 
but is caused by the smaller effects of the coupling of the angular- 
momentum vector of the electron to the crystal lattice. Table 5.7 


Table 5.7. Comparison of representative values of spectroscopic splitting 
factor ( 0 ) and magnetomechanical ratio (g') for ferromagnetic substances, 

from Kittel 56 



Microwave 

Gyromagnetic 


Resonance, 

Experiments, 


Q 

0 ' 

Iron 

2.12-2.17 

1.93 

Cobalt 

2.22 

1.87 

Nickel 

2.19-2.42 

1.92 

Magnetite 

2.20 

1.93 

Heusler alloy 

2.01 

2.00 

Permalloy 

2.07-2.14 

1.91 


illustrates tlie.se differences. It should he noted that deviations from 2 
are in the opposite direction in the two experiments. This is in agree¬ 
ment with expectation. 60 - 56 Kittel shows that the two factors become 
equivalent, ij = y' , when the electronic angular momentum is not 
coupled to the crystal lattice. Note in Table 5.7 that for Heusler’s alloy, 
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g == g' = 2. Some difficulties are yet to be resolved. Theory 50 ' 66 
indicates that the deviations from 2 in g and <f should be equal and 

opposite (ff-2 = 2- g’). Table 5.7 indicates that the agreement is 
only qualitative. 

The effects of exchange interaction on ferromagnetic resonance has 
been discussed by Kittel and Herring.” Exchange interaction has no 



Fig. 5.14. Ferromagnetic resonance line widths as a function of temperature. 

(From Bloembergen. 68 ) 

effect on the resonant frequency, provided that the specimen is uniformly 
magnetized. Because of the small skin depths in pure metals at micro- 
wave frequencies, the microwave component of magnetization is not 
uniform under most conditions of observation, and, as a result, exchange 
interaction will influence both the frequency and the line width. Kittel 
and Herring show, however, that these effects are significant only at low 
temperatures, where the skin depth is extremely small. For example, 
they predict that at 24,000 Me the field strength required for resonance 
in iron is changed onfy about 5 gauss by the exchange interaction, 
whereas at liquid-hydrogen temperature, because of the decreased skin 
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depth, it will be altered about 500 gauss. The line width will be in¬ 
creased by approximately the same amount. Consequently, the line 
widths in metals will be appreciably increased by exchange interaction 
at low temperatures. This allows an investigation of exchange inter¬ 
action in ferromagnetic substances. These effects are not nearly so 
pronounced in alloys because of their smaller conductivity. 

Bloembergen 58 has studied the effects of temperature variation on 
ferromagnetic resonance in nickel and supermalloy. Measurements 



Temperature, in °C 


Fig. 5.15. Variation of resonance absorption of powdered Cr 2 0 3 with temperature. 

(I*rom rrounson, Bleil, Wangsness, and Maxwell. 69 ) 


were made both at 9300 Me and 24,400 Me with II parallel (o a surface 
of the specimen. Although the decrease in saturation magnetization 
causes a shift of the maximum to higher fields with increasing tempera¬ 
ture, the g factors, 2.20 for nickel and 2.12 for supermalloy, were found 
to be independent of temperature within the limits of error (2 per cent) 
The width of the resonance line for nickel increased with temperature 
from 250 gauss at room temperature to 750 gauss at 358° C The in 
crease was more rapid as the Curie point was approached. In super¬ 
malloy the width of 110 gauss at room temperature remained relatively 
constant between 20° C and 300° C, and then increased rapidly to 350 
gauss at 420° C This behavior is shown in Fig. 5.14. The increase in 
width above 300 C varies approximately as T 2 and is attributed to the 
decrease in the spin-lattice relaxation time. The failure of the width in 
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supermalloy to change significantly with temperature below 300° C and 
the fact that the nickel curve (Fig. 5.14) appears to become almost 
independent of temperature below 100° C are not fully understood. 606 ’ 68 



Fig. 5.16. Resonance absorption of MnS at different temperatures. (From Oka- 

mu ra, Torizuka, and Kojima. 60 ) 

Neither substance showed a discontinuity at the Curie point, but the 
absorption of both dropped rapidly with temperature increase beyond 

their Curie points. 

Antiferromagnetic materials. Magnetic resonance in the antiferro¬ 
magnetic substance Cr 2 0 3 , which has a Curie temperature near 40 C, 
has been observed by Trounson, Bleil, Wangsness, and Maxwell. 6 
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The peak absorption was found to drop strikingly as the temperature 
was lowered through the Curie point (see Fig. 5.15), and the line width 
spread out according^. This is in contrast to the results of Bloem- 
bergen 58 on nickel and supermalloy. It is also different from that of the 
antiferromagnetic materials MnO, MnS, and MnSe, which have Curie 
points —151° C, —75° C, and — 123° C, respectively. Magnetic reso¬ 
nance in the latter materials was recently studied by Okamura, Torizuka, 
and Kojima. 60 They obtained results similar to those of Bloembergen 58 
on the ferromagnetic substances of nickel and supermalloy in that they 
observed no discontinuity at the Curie point but a continuous broadening 
as the Curie point was passed over. In the antiferromagnetic substances 
the Curie point is approached from the high-temperature side, whereas 
in ferromagnetic materials, it is approached from the low-temperature 
side. Figure 5.16 shows the results of the Japanese workers on MnS. 

The theory of magnetic resonance in antiferromagnetic substances 
has been treated by Bleil and Wangsness, 61 by Stevens, 62 and by Tsuya 
and Ichikawa. 63 Variations in the resonance curves with temperature 
have not yet been completely explained. 


5.3. PURE NUCLEAR QUADRUPOLE SPECTRA 

An important new field of r-f spectroscopy was opened up by Dehmelt 
and Kruger 64 when they observed direct transitions between nuclear 
quadrupole levels in solids. In America, a number of measurements have 
been made by Livingston, 65 at the Oak Ridge National Laboratory, and, 
at Harvard, by Pound and his co-workers. 

Although these first measurements were at sub-microwave frequencies 
(30 Me to 800 Me) and no such transitions have yet been observed in the 
microwave region, there are a number of nuclei which may have solid- 
state quadrupole couplings sufficiently large so that their pure quad¬ 
rupole spectra reach the microwave region. This applies essentially to 
nuclei with atomic numbers above 50. For this reason and for the 
reason that the quadrupole coupling in solids correlates closely with 
those observed in the microwave spectroscopy of gases, it seems appro¬ 
priate to include this subject in a book on microwave spectroscopy. 

I he interaction ot a nuclear quadrupole moment with the static 
crystalline field 8 is the scalar product of two tensors, E = Q-V8. 
This interaction Hamiltonian can be reduced to the form 


II = 


eQ 


2 /(2/ + 1) L dx 2 


~d 2 V d 2 V o 
- /^ 2 + —- / 2 


o * X 


J/y 


u 


+ 


d 2 V 


dz 


-I 2 
2 lz 


where I Xt I U} and 1 2 are the components of the nuclear spin momentum 
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along the space-fixed x, y, and 2 axes which are so oriented as to elimi¬ 
nate the cross terms. In general, the solution for the eigenvalues is 
involved, but, when, as is frequently true, axial symmetry can in the 
first approximation be assumed, it is greatly simplified. For axial 
symmetry about 2 , (d 2 V)/(dx 2 ) = (d 2 V)/(dy 2 ), and with the aid of 
Laplace s equation the Hamiltonian reduces immediately to the form 



eQ 


r 


4/(2/ + 1) L dz 


d'V 


(h 2 + /„ 



Since I x + l v /(/ -f- 1 ) / z 2 and I 2 — M 2 , the expression for 

chaiacteiistic energies in the axially symmetric case ® 4 » 66 is 




[UI [ 2 -/(/+!)J 
4/(2/ - 1) 


(5.31) 


in which the various symbols have their usual significance. Deviations 

from axial symmetry are treated by perturbation theory. See the 
formulas given below. 

Although the orientation energy (for non-paramagnetic solids which 
we consider here) is determined by the nuclear quadrupole interactions 
with the crystalline electric field, the coupling to the radiation field is 
through the magnetic dipole moment of the nucleus. The dipole selec¬ 
tion rule, AM j = ±1, therefore applies. The coupling of the quadru¬ 
pole moment with the radiation field is too weak to induce observable 
transitions. The quantum number Mj has the same significance here as 
in the strong-field Stark *and Zeeman effects, except that the reference 
axis, Zj is taken along the fixed direction of the internal field rather than 
along that of an externally applied field. Allowed values of M / are 
therefore 

Mi = /,/ — !,•••,— /. 


It is obvious from the form of Eq. 5.31 that we need consider only 
absolute values of M /. 

Applying the selection rules with Eq. 5.31 gives the spectral fre¬ 
quencies, with | Mi | the larger value involved, as 


v 



3 

4/(2/ - 1) 




(5.32) 


d 2 V , , 

where q = — j. To be consistent with Eq. 2.31 the coupling factor 

dz 

should be eQq/h. Following the custom of American workers, we omit 
the h and express eQq in frequency units. We see from Eq. 5.32 that 
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with the assumed axial symmetry of the crystalline field the quadrupole 
spectrum consists of a series of equally spaced lines, the highest frequency 
of which is 


J'max eQy 


3 

4/ 


(5.33) 


If we arbitrarily assume the lowest microwave frequency as 1000 Me 
(see page 1), it is seen that there would be lines observable in the micro 

d 2 V d 2 V 

wave region for eQ —«- > 2000 Me with I = % and eQ —ir > 3400 Me 

dz* dz~ 

for I = The coupling constant for I 127 (spin £ 2 ) in IC1 is 3000 Me. 
Many nuclei have Q greater than that of I 127 , and it therefore seems 
likely that pure quadrupole transitions will be observed in the microwave 
region. 


When there are deviations from axial symmetry of the field gradient, 
Eqs. 5.31 and 5.32 no longer hold. The lines of the series (I > are 
then not equally spaced. Dehmelt and Kruger detected deviations from 
symmetry in I 127 compounds. The deviations from symmetry are 
expressed in terms of the asymmetry parameter 


€ 



(5.34) 


Table 5.8 gives some observed deviations from symmetry. These are 


Table 5.8. Evidence for deviations from axial symmetry in the field 
gradient of I 12 ' coupling in solids, from Dehmelt 


Substance 


CHI: Cl 11 (i trans ) 

CH,I 

ICN 


IC1 
SnI i 

h 



v\ in Me 

277.1 ± 0.9 
263.0 ± 0.8 

382.4 ± 1.3 
455.6 d= 1.5 
^i(Ii) 4- 2.610 

204.5 ± 0.7 
*1(10 - 1.030 
332.4 ±1.1 


v-i — 2v\ in Me 

-0.38 ± 0.02 
-0.50 ± 0.02 


4-0.010 ± 0.005 
-0.044 ± 0.005 
-21 



2.3 

2.7 


^0 

0.9 

15 


relatively small except in I 2 . Note that the two iodines with different 
surroundings in the crystals of IC1 and Snl 4 are distinguished by these 
deviations. One iodine in unit cell of Snl 4 has axial symmetry, whereas 
the other shows deviations from this symmetry. 
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Formulas for pure quadruple frequencies in slightly asymmetric 
fields (c small) are given below for the most common nuclear spin values. 
They are derived from perturbation theory. For 7 = 1 and y 2 they are 
obtained from the matrix elements given by Pound . 66 For 7 = y 2 and 
K they are taken from Dehmelt and Kruger . 67 


For 7 = 1, 



For 7 = y 2 , 

v = %[eQq}{\ ± e). 

(5.35) 


" = ?K>g][ 1 + (e 2 /3)]' A . 

(5.36) 

For l = %, 

= (r 2 /2)(l + 1.296c 2 - 0.55c 4 ), 

"2 = AK>(?](1 - 0.2037e 2 + 0.18c 4 ). 


(5.37) 

For 7 = > 2 , 


"1 = ("3/3)(l + 3.733e 2 - 6.86c 4 ), 

"2 = (f"3)(l ~ 0.4667c 2 + I.82e 4 ), 

"3 = i a 4 [eQq](l - 0.1000c 2 - 0.019c 4 ). 

(5.38) 


When 7 — y, only one frequency is observed, and there are two param¬ 
eters to be evaluated. The asymmetry parameter can, however, be 
evaluated from the Zeeman pattern for the line. In this way Dean f 

showed that e = 0.08 ± 0.02 for the Cl 35 coupling in solid p-dichloro- 
benzene. 

Livingston 68 has reported tHut a large number of closety spaced lines 
are observed for the Cl resonance in certain crystals, whereas, in many 
others, only a single line is observed. It is obvious that this type of 

spectroscopy will yield much new information about the solid state. 

% 

Table 5.9. Comparison of nuclear coupling in solid and gaseous state 

(For references, see Table A.6 in the Appendix.) 

Solid Gas 


Molecule 

Nucleus 

eQq in 

Me 

CII 3 I 

J 127 

1753 

1931.5 

ICN 

J 127 

2549 

2420 

IC1 

J127 

3037 

2944 

CII 3 C1 

Cl 35 

68.40 

75.13 

CF 3 C 1 

Cl 35 

77.58 

78.05 

CH 3 Br 

Br 79 

528.90 

577.0 


Quadrupole couplings of nuclei in isolated molecules obtained from 
microwave measurements on gases correspond approximately, but not 
exactly, to those of the same molecule in the solid state. See Table 5.9. 
One can use such comparisons to study the changes in the type of 

f C. Dean, Phys. Rev. 86, 607 (1952). 
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bonding in passing from the gaseous to the solid state. Evidence 
already obtained 656,69i7 ° indicates that in the homopolar molecules C1 2 , 
Br 2 , and I 2 the couplings cQq in the solid and the gaseous form are 
approximately the same. This evidence supports the belief generally 
held that the bonding in these solids is essentially the covalent type, and 
that the molecules in both states are held together by relatively pure 
7 ;-type bonds. The asymmetry in the coupling in solid I 2 has been 
explained in terms of a small amount of switching of the covalent bonds 
through resonance . 71 

r Phe shapes and widths as well as the positions of pure nuclear quad- 
rupole lines depend upon the nature of the internal fields. Studies of 
these properties will also yield much information about the structure of 
the solid state. For instance, Dehmelt and Kruger 64c have observed a 
temperature dependence of the Cl quadrupole spectra in trans-d ichlor- 
ethylene of about 

1 /dv\ 

— 10 4 /dogree K. (5.39) 


V 


dT 


They attribute this temperature dependence to an increase in the ampli¬ 
tude of the torsional oscillations of the molecule, which thereby changes 
the average field gradient effective at the nucleus. Their quantitative 
theoretical relation for the temperature dependence is a function of the 
frequency of the torsional oscillations which they deduce from their 
measurements to be about 10 12 eps. This is of the right order of magni¬ 
tude for such oscillations, as determined from specific heat or Raman 
spectra data. Pound 72 has observed a more complicated temperature 
dependence for the quadrupole transitions in I 2 . For this crystal the 
high- and low-frequeue}' transitions show temperature coefficients of 
opposite sign. The line widths also vary both with temperature and 
with state of strain of the crystal. A useful theoretical discussion of 
line widths and intensities is given by Pound 66 72 and by Bloembergen, 
Purcell, and Pound . 73 Figure 7.2 shows the temperature dependence 
of the GT * 5 coupling observed by Dean and Pound in various chloro¬ 
benzene crystals. Note the discontinuities in curves for o>V/io-dichloro- 
benzene. 

Zeeman splitting of the lines in a single crystal of S11I4 has been 
observed by Dehmelt , 64 (See Fig. 5.17.) When the crystal was oriented 
so that all bond axes made equal angles with the field, a simple Zeeman 
pattern was observed. The Zeeman splitting is given bv 


K/f — \(nfiill a/(/ -f J -) 2 sin 2 6 -f cos 2 6 , 


(5.40) 


when Mj = and 

Err = cos 0, 


Mi I > 


(5.41) 
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where II is the applied field, is the nuclear magneton, g, is the nuclear 
y i actor, and 6 is the angle between II and the 2 axis. 

Pure quadruple resonance in solids has now been observed for a 
large number of nuclei, including Cl 35 , Cl 37 , Br 79 , Br 81 I 127 Sb 121 



Fig. 5.17. Pure quadrupole resonance line (A// = of I 127 in solid 

Snl 4 with Zeeman patterns produced by 50 gauss for both the —» ±'A and the 

transitions. (From H. G. Dehmelt. 64 *) 

Sb 123 , As 75 , Cu 63 , Cu 6S , N 14 , B 10 , and B n . See Table A.6 in the Appen- 
dix for a survey of results. 

5.4. MICROWAVE ABSORPTION OF LIQUIDS 

Except for paramagnetic resonance spectra already discussed, no 
sharp-line spectra of liquids and liquid solutions have been observed in 
the microwave region. The large amount of interference from close 
neighbors of molecules in liquids prevents observation of discrete 
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rotational lines. However, most polar liquids have broad absorption 
bands in the microwave region which arise from the orientation of the 
molecules in the radiation field when the E vector is increasing and from 
their relaxation to thermal equilibrium as the E vector decreases to zero. 
Their broad regions of absorption have maximum peaks at frequencies 
of p 0 = 1/27rr, where r is the average relaxation or reorientation time 
of the molecular dipole. By measurement of the frequency of the maxi¬ 
mum absorption, one can evaluate r. 


The relaxation time depends upon a number of properties of the 
liquid, such as the magnitude of the dipole, the mass and structure of the 
molecule or the chemical group which is oriented with it, the inter- 
molecular forces, and temperature of the liquid. The absorption is 
usually expressed in terms of the loss factor, tan 6, where 6 is the “loss 


angle” which is the complement of the phase angle. Usually polar 
molecules are studied in dilute solution in non-polar solvents. According 
to the Debye theory, the loss factor is 


(* ~T 2)“ Airi± 2 cNv 

tan o ----, 

e 27A'7V 0 [1 -f- (p/pq) 2 ] 


(5.42) 


where 5 = loss angle. 

€ = static dielectric constant of the solution. 
m = dipole moment of the solute molecule. 

c = concentration of the solute in number of moles per cubic 
centimeter. 

V = frequency of the radiation. 

p 0 = 1/2ttt = frequency of maximum absorption, where r is the 
relaxation time of the solute in the solution. 

N = Avagadro's number. 
k = Boltzmann constant. 

T = absolute temperature of the solution. 


F rom measurements of the loss tangent at three or more different 

frequencies, m, and p 0 (and hence r) can be calculated with Eq. 5.42. 

°r, alternately, one can make the measurement at a fixed frequency and 

vary the temperature to obtain the data necessary for calculating e, n, 

and r. Although it is not necessary to measure the frequency of the 

peak absorption to obtain r, a more accurate evaluation of this constant 
can probably be obtained in this way. 

It is not known how accurately the Debye theory holds. Good agree¬ 
ment with the theory was obtained by Jackson and Bowles 74 for solu¬ 
tions of several polar solutes in benzene. Cripwell and Sutherland 76 
used Eq. 5.42 with their microwave measurements to calculate the 
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dipole moments of a number of liquids including nitrobenzene, acetone, 
and methyl cyanide. The agreement with values obtained from other 
methods was only approximate. Whiffen and Thompson 76 report 
anomalous behavior for some solutions. The occurrence of a resonant 
absorption peak in the vicinity of the measurement would cause de¬ 
viations from the Debye equation. 

No attempt will be made to survey what has been written on dielectric 
absorption and dispersion of liquids and solids at microwave frequencies. 
Considerable work has been done in the field. A survey of the early 
work will be found in the report of the general discussion of dielectrics 
held by the Faraday Society (1946).' 7 A more recent review is given 
by D. H. Whiffen (1950). 78 
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6. NUCLEAR PROPERTIES 


Nuclear moments are of great value in establishing selection rules for 
nuclear reactions and in the formulation of a theory of nuclear structures. 
The nuclear shell model, 1 which appears at this time to be the opening 
wedge for the first successful theory of nuclear structure, is based almost 
entirely on empirical evidences of nuclear moments. The importance of 

nuclear masses in calculating the energy available in nuclear reactions 
is well known. 


The following well-established facts are useful in the study of nuclear 
moments. All nuclei having an odd mass number, A (A = N -f- Z, 
where N is the number of neutrons and Z is the number of protons), 
have spins which are odd integral multiples of %{h/ 2tt). All nuclei with 
an even number of particles have spins which are zero or integral multi¬ 
ples of h/2-rr. Except for one case, mentioned by Mack 2 as undocu¬ 
mented, all measured spins for even-even nuclei (N even, Z even) are 
zero. In two instances, Lu 17G and V 50 , spins greater than % have been 
recorded. 2 There is no magnetic moment for a nucleus with zero spin or 
an electric moment for one with a spin of zero or y 2 . According to 
theory, 3 the possible nuclear magnetic moments have 2 l poles where / is an 
odd integer, and the allowed electric moments have 2 l poles where l is an 
even integer. This theory follows from the axial symmetry of nuclei and 
assumes that the centers of mass and of charge coincide. The spins, 
magnetic moments, and masses of most of the stable nuclei have already 
been determined. In contrast, only a few moments or masses of the 
many artifically created nuclei have been experimentally determined. 
It is for the study of these radioactive nuclei that the microwave method 
ofters most promise. Also, there is much work yet to be done on quad- 
rupole moments of stable nuclei. Many of these have no assigned 
values, and very few have been measured with accuracy. A table of 
known nuclear moments and masses is given in the Appendix (A. 2). 


6.1. SPINS 

The mechanical moment or spin, I represents in units of h/2-rr the 
angular momentum of the nucleus. The nuclear hyperfine structure 
discussed in Sec. 2.G and Art. 5.1/, provides an unquestionable identi¬ 
fication of the spin of the nucleus involved whenever the hyperfine 

2G5 



Fig. 6.1. Illustration of the determination of a nuclear spin (I 129 ) from nuclear 
quadrupole hyperfine structure in molecular rotational spectra. (From Livingston, 

Gilliam, and Gordy. 16 ) 
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structure can be resolved. With the exceptional resolving power ob¬ 
tainable in microwave spectroscopy it is usually possible in rotational 
spectra, when the nucleus has a quadrupole moment, to obtain the 
necessary resolution. The principal difficulty in applying the method 
is in obtaining the nucleus in suitable chemical combination. The mole¬ 
cule employed in rotational spectroscopy must have a dipole moment, 
must be stable in the vapor state, and must be sufficiently simple so 
that its spectrum can be analyzed. An additional molecular require¬ 
ment, which, however, is usually met, is that the electronic cloud about 
the nucleus must not be spherically symmetric, i.e., (d 2 T dz 2 ) must not 
be zero. The nucleus in question must, of course, have a quadrupole 
moment. This limits the method to nuclei having spins greater than 
} * 2 , although the absence of a hyperfine structure in some instances pro¬ 
vides evidence, but not proof, that the spin is zero or } o. Many new 
determinations have already been made with the method, and, in addi¬ 
tion, many values determined bv other methods have been substantiated. 
Examples of spins determined by the microwave method which were 
found to be incorrectly assigned by earlier optical methods are Cl 35 , 
B 1() , and B 11 . Ligure 6.1 illustrates the determination of a nuclear spin 
by means of nuclear hyperfine structure of a rotational transition. 

In some instances, spins of zero or b *2 can be assigned with certainty 
from a comparison of intensities of rotational lines in the microwave 
region, this method is made clear by the discussion of the effects of 
nuclear spin or statistical weights in Chapter 4. An illustration which 
provides confirmation of the spin of for F 19 is shown in Fig. 2.7. The 

spin of zero for O 18 (see Table A.7) was determined from O 18 O 18 by the 
statistical weight method. 

In paramagnetic resonance spectra of solids the spin is determined by 
simply counting the (21 + 1) components of the hyperfine structure 
(Ait. o.l/). Since it is the nuclear magnetic moment which gives rise to 
the latter structure, spins of J/£ can also be determined. Similarly, spins 
might be evaluated from nuclear quadrupole spectra in solids (see Sec. 
6.3), but so far no new spins have been evaluated by this method. 

Table A.7 in the Appendix summarizes the spins already assigned 
with microwave spectroscopy. This list is being rapidly extended. 


6.2. NUCLEAR QUADRUPOLE MOMENTS 

The electric quadrupole moment, Q, measures the deviation of the 

nuclear charge from spherical symmetry and, in terms of the nuclear 
dimensions, is 4 


Q 


= ~ e f P>- 2 (.3 cos 2 d - 1) dr = Z(3z 2 - r 2 ) Av , 


( 0 . 1 ) 
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where p is the nuclear charge density; r, the distance from the center of 
gravity of the charge to the element of volume, dr; and 8, the angle 

etween r and the spin axis z. In the last expression Z represents the 
atomic number. The average is taken over the nuclear state with 

Ml ~ L A P oslti ve value for Q indicates that the nucleus is elongated 
along the spin axis, i.e., it is a prolate spheroid; and a negative Q indicates 
that it is flattened along the spin axis, i.e., it is an oblate spheroid. 

Assuming the nucleus to be an ellipsoid of revolution with axis of 
length b taken along the axis of revolution and perpendicular 
axes of length a, Feld 5 expressed Q in terms of the eccentricity, 
e — (6 o)/{b + a), of the ellipsoid. Obviousty, e is negative when the 

nucleus is oblate, and positive when it is prolate. With this assumption, 

Q = %Z{b 2 - a 2 ) = f Z(b + a) 2 e = f ZR 2 (> (6.2) 

where in the last expression R = (a + b )/2 is equal approximately to the 
nuclear ^radius when | e | « 1. Feld uses the expression R = 1.5 A A 
X 10 cm to compute from the observed quadrupole moments the 
eccentricities, e, for a number of nuclei. They range from —0.024 for 
Cl to +0.1o for Lu ' 6 and show in more familiar terminology than do 
the observed Q’s the degree of variation from spherical symmetry. 

Quadiupole moments have been found to be loosely related to nuclear 
shell structure 6 and to nuclear magnetic moments. 60 When more 
accuiate values of Q become available, more exact forms of these relations 
can be ascertained, and it seems probable that other important quan¬ 
tities such as scattering cross sections may depend to some extent upon 
quadrupole moments. 

The measurements of the quadrupole hyperfine structure in molecules 
yield, with the theory described in Sec. 2.6, the quantity eQq, in which 
c is the charge on the electron, Q is the nuclear quadrupole moment, and 
? = d 2 V/dz 2 where 1 is the potential at the nucleus which arises from 
all the extranuclear charges. In a linear or in a symmetric-top molecule, 
where the atom in question is on the molecular axis, only one component, 
(d 2 V/dz 2 ), is required to characterize the coupling of a single atom, 
where the reference axis, z, is along the molecular axis.f For asymmet¬ 
ric-top molecules or crystals two independent coupling factors are ob¬ 
tained 7 (see Sec. 2.6 and Sec. 7.1). However, one can frequently resolve 
them along a charge-symmetric “z” axis passing through the particular 
nucleus. In order to use data on molecular structure for evaluation of 
Q, the quantity q must be evaluated. A similiar situation applies to 

t Subscripts are needed to distinguish the components when more than one is 
required. Abbreviations frequently used for (d 2 V/dz 2 ) are q 2Z , V zz , or <fr zz , with simi¬ 
lar expressions for the second derivatives of V with respect to other axes. 
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solids since in their quadrupole spectra cQ(d 2 V/dz 2 ) is usually obtained 
from the measurements, where z is a charge-symmetric axis through the 
nucleus. 

The potential, V, at the nucleus caused by a single electron at a 
distance, r, is e/r and, hence, 



To obtain the contribution of this electron to q } the quantity in Eq. 6.3 

must be averaged over the orbital occupied by the electron. Thus for 
the ?th electron, 

r /3 cos 2 0 - 1 \ 

"JH—^— r i(h 




tit *i dr 



where is the wave function for the orbit of this electron. For molecules 
it has not proved possible, except for the simple hydrogen molecule, 8 
to evaluate this integral theoretically without severe simplifying assump¬ 
tions and approximations. For atoms it can frequently be evaluated 
with the help of experimental data, since other measureable quantities 

depend onJV(l /r 3 )^* dr. Approximate solutions for the molecular 

case can then be obtained by assuming atomic orbitals for the atoms in 
molecules. This approximation, first used by Townes, 9 and developed 
by lownes and Dailey, 9 has been applied with fair success in a number 
of instances. 10 The subject is elaborated below. See also Sec. 7.1. 

When the fine structure splitting, A», arising from I s coupling is 
known, then q; for the case of a maximum projection of l on 2 (m = l ) is 
given by the atomic spectra formula, 11 


c Jm = ±l 


— 4e Aid 

Z jRa 2 a 0 3 (21 + 1)(2 1 + 3) 


2.24 X 10 15 Avl 

Z { (21 + 1)(2Z + 3) 


esu. 



For the case of l perpendicular to 2 , (m = 0) this expression is multiplied 
by ~(l + l)/(2£ — 1) and becomes 


2.24 X 10 1S A vl(l + 1) 
Zi(2l~+ 1)(2 1- l)(2J + 3) 



Qm =0 


esu. 
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In both equations Av is in cm 1 and Z { ~ Z - 4, except for the lightest 

atoms. A convenient source of Av values is the compilations by Bacher 
and Goudsmit 12 and by Moore. 13 

One can obtain q afom (q m= i) more precisely (since Z { is not needed) 
from the relation, 11 


(Zatom — 


aeMj(j + 1) 


QiP m(l + 1)(2Z + 3) 



when the nuclear magnetic hyperfine structure and nuclear gyromagnetic 
factor, qj , are known. In this formula a represents the coupling constant 
in a(I-j); e and m represent the charge and mass of the electron, re¬ 
spectively, J/, the proton mass; and /?, the Bohr magneton. Davis, 
Feld, Zabel, and Zacharias 14 have used this relation, with the quad¬ 
ruple coupling observed at the same time on the Cl 35 atom with the 
atomic beam method, to obtain an extremely accurate value for the 
quadiupole moments of the stable Cl isotopes. These are useful for 
testing the accuracy of the more approximate methods, f 

\\ hen no experimental measurements are available for determination 
of q, it can be very roughly approximated from the theoretical formula , 9b 



Qn, I, m = ± ~ 


4 eZ 3 


n*ao%l + 1)(2Z + 1)(2/ + 3) 

4 eZ 3 


( 0 . 8 ) 


qn, l, rn= 0 


n 3 a 0 3 (2l - 1)(2 1 + \){2l + 3) 


(6.9) 


obtained by theoretical evaluation of the integral, if screening is neg¬ 
lected and hydrogen-like wave functions are assumed for the electron. 
Although Eqs. 6.8 and 6.9 are by no means accurate, they allow a quick 
comparison of the coupling constants for different atomic states and are 
useful in approximating the errors caused by the omission of contri¬ 
butions from excited states. It is apparent from them that q for a 
particular electron decreases rapidly with increasing n or l (excepting 
l = 0 for which q = 0). 

There are certain general facts which simplify the calculation of the 
total or resultant q. (1) Only electrons in the valence shell need be con¬ 
sidered, since a closed shell is spherically symmetric and except for small 
polarization or distortion effects makes no contribution to q. (2) An s 
electron makes no contribution to q. This may be seen by placing 1 = 0 
in Eq. G.G. (3) When the three p orbitals are equally filled, their com¬ 
bined contribution is zero. (4) When there are “unbalanced” p electrons 


f For a discussion of the limitations of this method, see G. F. 
148 (1952). 


Koster, Phtjs. Rev. 86, 
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in the valence shell, contributions to q from electrons in other states are 
usually negligible by comparison. 9 This is the condition most frequently 
encountered. 

When only p electrons are considered, 



x + A y)(\ ( ln, 1 , 1 + \Qn, 1 , — l) + A' z ( In, 1. ()], 


( 6 . 10 ) 


where N x , N y , and X z are the numbers (or average fractional numbers) 
of electrons in the p X) p u , and p z orbits, respectively. From Eqs. 6.5 and 
6.6 it follows that 


Therefore, 


r /n. 1. —1 


ho. n , 


1.0 



^Vx + Ny 



Qn. l.o — X p q 


n , 1.0) 


( 6 . 11 ) 

( 6 . 12 ) 


where U p — (N x + N y )/2 — A T z is the number of unbalanced p elec¬ 
trons, and where q n ,\,o is the contribution per unbalanced p electron 
given in esu by Eq. 6.6 as 2.98 X 10 14 Av/Z it or obtained in some other 
manner. The sign of U p is positive for a deficit of p z electrons. For 
example, when p x and p„ are filled with two unshared electrons each and 
p z has, on the average,less than two, U p is taken as positive. With q nA-0 
positive, this gives the correct sign to (d 2 V/dz 2 ) Xv , which is negative for 
an excess of electrons along z and positive for a deficit of electrons along 
this axis. Usually the nuclear quadrupole coupling, eQq, is measured in 
megacycles, and q is computed in esu. For convenience, the formula 


is given. 


Q (cm) 2 = 13.8 X 10~ 12 


eQq (Me) 
- » 

q (esu) 


(6.13) 


We assume that the coupling factor q for a free atom can be obtained, 
and we ask how it will be altered when that atom is combined in a mole¬ 
cule. In the first place, it can be safely assumed that only electrons in 
the valence shell will be significantly affected by chemical bonding. If 
small distortion effects are neglected, the combined contributions from all 
completely filled shells, just as in free atoms, will be zero. Thus, to a 
first approximation, we need consider only electrons in the valence 
shells. Furthermore, the non-bonding electrons in the valence shell 
remain in atomic orbitals, and, when there is no bond-orbital hybridi¬ 
zation or formal charge on the atom, their contributions will be the same 
as in the free atom except for difference in orientation and small dis¬ 
tortion effects. Only the bonding electrons appear to present an es¬ 
sentially new problem. It is well known that the orbital of a covalent 
bond differs appreciably from the free atomic orbitals out of which it is 
constructed. Nevertheless, the important measurement on the Cl 35 
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coupling in Cl 2 in the solid state by Livingston, 15 together with that in 
atomic Cl 35 by Davis, Feld, Zabel, and Zacharias Ua and by Jaccarino 
and King I4b , shows that the coupling per bonding electron per atom 
(after correction for difference in orbital orientation) in the Cl 2 molecule 
is within about 1 per cent of that in atomic Cl. This indicates that the 
charge distribution near the nucleus, where the interaction with the 
nuclear quadrupole moment is large, is not significantly altered by the 
formation of a pure covalent bond. Even the small deviation observed 
could be caused by a slight hybridization of the bonding orbital or by 
interaction between the molecules in the solid state. A better test would 
be a comparison with the coupling in gaseous Cl 2 , which, unfortunately, 
has not been measured. Nevertheless, it appears that the most probable 
type of interaction between the Cl 2 molecules in the solid form would 
tend to reduce the coupling below that for one unbalanced p electron and, 
hence, to increase rather than decrease the difference between the solid 
and gaseous values. The close agreement of the solid Cl 2 coupling with 
that expected for one unbalanced p electron appears, therefore, to indi¬ 
cate nearly pure p single bonding in the elemental Cl 2 . Even in the 
slightly heteropolar molecule BrCl (gas), the Cl coupling deviates only 
6 per cent from the atomic value when the latter is multiplied by 2 to 
correct for difference in orbital orientation. Thus, from the Cl case it 
appears that to a good approximation, one can divide the shared elec¬ 
tronic charge of a pure covalent bond equally between the two atoms and 
calculate the coupling as though one electron of the shared pair existed 
in the atomic orbital of each atom. This is a fortunate circumstance 
which makes it possible to obtain approximate values of nuclear quad¬ 
rupole moments from their coupling in molecules and to use nuclear 
quadrupole data to detect hybridization of bonding orbitals and de¬ 
viations from pure covalent type bonding in molecules. Since the 
above paragraph was written, similar comparisons for Br have been 
made possible. The results are in complete agreement with the Cl case. 
(See Table 7.1.). 

If a bond is not entirely covalent but has some “ionic character, 
the charge cloud of the bonding electron pair can no longer be regarded 
as divided equally between the two atoms. The deviation of the coupling 
from that expected for the pure covalent bond then gives a measure of 
the ionic character. In addition to varying the amount of contributing 
charge, ionic character produces an indirect effect through an alteration 
of the nuclear screening. Since electrons in different atomic orbitals 
have widely different couplings, hybridization of the bonding orbital 
markedly affects the coupling. The most pronounced hybridization 
effects arc obtained by mixing s orbitals, which have zero coupling, with 
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V orbitals, which have the largest coupling of any orbital. For illus¬ 
tration, suppose that an atom which normally has a pair of electrons in 
the s orbital forms a covalent bond with a hybridized orbital of 50 
per cent s and 50 per cent p character. Since there is, on the average, 
only one electron per atom in the bonding orbital, the s electron cloud 
has been decreased by the hybridization and the p electron cloud in¬ 
creased by the complementary hybridization. Thus, bond-orbital 
h>biidization and unequal possession of the bonding electrons (ionic 
character) are the principal factors, other than orientation, which cause 
deviations from the essentially atomic-type coupling. 

The problem of determining an approximate Q from microwave 
molecular spectra usually reduces to that, of determining how the p 
orbitals of the valence shells are filled, i.e., to the evaluation of the 
number of unbalanced p electrons. This depends upon the nature of the 
chemical bonds formed by the atom considered, in particular upon the 
degiee and kind of bond-orbital hybridization, upon the ionic character 
of the bond, and upon resonance between different covalent structures. 
Information about molecular bond lengths, bond angles, and dipole 
moments determined also from microwave data—is therefore useful 
m the determination of nuclear quadrupole moments. A discussion of 
these properties, as well as details about the determination of the number 

of unbalanced p electrons from them, is reserved for Chapters 7 and 8, 
which deal with molecular properties. 

Since a knowledge of q is unnecessary for the determination of the 
ratios of the quadrupole moments of different isotopes of the same ele¬ 
ment, these ratios can he precisely evaluated from microwave measure¬ 
ments. Sometimes it is possible to evaluate the Q of the most abundant 
isotope with atomic spectra, but not that of the element’s rare isotopes— 
either stable or radioactive. The absolute value of Q for these rare iso¬ 
topes can then be determined by a comparison of their microwave 
hyperfine structure with that of the abundant isotope in the same mole¬ 
cule. Examples of this are the determination 16 of Q for I 129 from the 
known value for I 127 , and that > 7 of Cl 36 from the value for Cl 35 

A list of nuclear quadrupole moments already determined from micro- 
wave spectra is given in Table A .7 in the Appendix. 


6.3. NUCI.EAU MAGNETIC MOMENTS 
When the nucleus is coupled to the molecular axis through magnetic 

:T t.°:„r rir ",7' n " ,oie »« 

spectra. (See Chapter ^ ^ Z ° eman dte(:1 in pure National 
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Most stable molecules have *2 electronic ground states and hence 
extremely small molecular magnetic moments, of the order of a nuclear 
magneton or less. For this reason, the coupling of the nuclear magnetic 
moment to the molecular axis is usually too weak to give a magnetic 
hyperfine structure sufficiently resolvable to allow determination of 
nuclear moments. Nevertheless, in some instances the I J coupling 
has been detected for molecules in *2 states. For FC1 the magnitude of 
this coupling indicates a molecular magnetic field of the order of 70 
gauss at the Cl nucleus. 18 A few molecules such as N0 2 and C10 2 are 
paramagnetic, and the nuclear magnetic hyperfine structure of the pure 
rotational spectra is easily resolved in the microwave region (Chapter 2). 
Also, in several instances, nuclear Iwperfine structure has been detected 
in the paramagnetic resonance absorption of salts (Sec. 5.1). The 
magnetic moments of most nuclei which can be obtained in paramagnetic 
substances have, however, already been measured to an accuracy higher 
than can be obtained by this method. 

lo obtain nuclear magnetic moments from I-J coupling in molecules 
one must know the value of the molecular magnetic field at the nucleus 
in question. Because of the complexity of molecular magnetic moments 
this cannot be easily calculated with accuracy. However, it may some¬ 
times be evaluated experimentally. For example, the molecular moment 
can be evaluated with an isotope which we shall assume to have a known 
moment, and the calibrated molecular field can then be used in the 
calculation of the magnetic moments of other isotopes of the same ele¬ 
ment from their I-J coupling in the same molecule. 

Nuclear magnetic moments of atoms combined in non-paramagnetic 
molecules can be determined with microwave spectroscopy, provided 
that the nucleus is coupled to the molecular axes through a quadrupole 
moment. One can then obtain a Zeeman splitting of the hyperfine 
structure, from which the nuclear magnetic moment can be calculated 
as indicated in Sec. 3.2. Three previously unknown nuclear magnetic 
moments, namely those of I 129 , S 33 , and S 35 , have been determined in 
this way. The accuracy is limited b}' the strength of the quadrupole 
coupling. In favorable cases it is of the order of 1 per cent. This 
accuracy is not nearly so good as that obtainable with molecular beams 
and nuclear resonance. The microwave method is therefore of advantage 
only when for some reason the more accurate methods are inapplicable. 

Its most important applications will no doubt be to radioactive nuclei 
where extreme^ small samples, of the order of a microgram, must be 
used. 

fct'As with molecular beams and nuclear resonance, the quantity directly 
evaluated from microwave spectroscopy is the nuclear g factor and not 
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the magnetic moment. The (ji factor is the ratio of the magnetic moment 
to the mechanical moment or spin. The spin, however, if not already 
known, can be determined from the quadrupole hypertine structure 
which must be present when the method ot the preceding paragraph is 
applied. 

Here, as with other methods for determination of g/, a correction must 

be made for the diamagnetism of the extranuclear electrons, which set 

up fields at the nucleus in opposition to the externally applied //. A 
formula, _ 

11 = 0.319 X 10~ 4 Z*//, (6.14) 

given by Lamb, 19 allows easy correction for this effect. 77 is the value of 
the diamagnetic field which must be subtracted from the applied field, 
//, to give the resultant field at the nucleus. Ramsey 20 has pointed out 
that this formula, which was derived for free atoms, does not apply 
exactly to atoms bound in molecules. It is certainly correct, however, 
beyond the accuracy of the microwave method and is to be recommended 
for its simplicity. Smaller corrections for various other effects are dis¬ 
cussed by Mack. 2 Because the proton-resonance method is now com¬ 
monly used for calibration of the magnetic fields in all types of magnetic 
moment studies, attention should be called to the direct and highly 
accurate measurement of the proton moment with the nuclear-resonance 
method by Thomas, Driscoll, and Hippie. 21 


6.4. ATOMIC MASSES 

.Just as in optical spectroscopy, the relative masses of different isotopes 

can be determined from the effects of mass upon the position of spectral 

lines. The values are determined most simply and most accurately from 

diatomic molecules and next in simplicity and accuracy from linear 

I natomic molecules. As the number of atoms in the molecules increases 

it becomes more difficult to obtain equilibrium values of the spectral 

constants from which to calculate mass ratios, and also more difficult 

lo calculate the probable errors introduced by neglect of the zero-point 
vibrations. 

Assume that the B e value for a diatomic molecule and that for one of 

ils isotopic species, B' e , are evaluated from measurements as explained 

in ( hapter 2. The reduced-mass ratios are then determined from the 
simple formula, 

m'/m = BJR’ e , (0.15) 

from which the mass ratios are obtained. Here M represents the reduced 
mass, m x m 2 /(«;, + m 2 ) and that of the isotopic species. To evaluate 
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B e entirely from microwave data one must measure at least two ro¬ 
tational lines for the ground vibrational state and two for an excited 
vibrational state. When microwave data on the excited vibrational 
state cannot be obtained, it is usually possible to calculate the necessary 
second-order constants from vibrational spectra. However, with the 
sensitivities now obtainable in microwave spectroscopy, it should usually 
be possible to obtain the required data for the most abundant isotopic 
combination. The mass ratios can then be evaluated from the formula, 22 

Ar r = 2 B e (J + 1)[1 - („//)] - ae [i _ + !) 

- 4Dj[l - ( M/ V) 2 ] (j + 1)3, (6.16) 

where Av r is the isotopic separation of the rotational lines for the ground 

vibiational state. Thus, data for the excited vibrational state of only 
one isotopic species are required. 

Considerably more data are required to determine precise mass ratios 
fiom a linear triatomic molecule, which is next in simplicity to the dia¬ 
tomic molecule. Although there are only two parameters in the linear 
tiiatomic molecule, there are three fundamental vibrational frequencies. 
One must employ two known isotopic species to evaluate the two inter¬ 
atomic distances, and to determine the desired equilibrium values one 
must obtain data on all three vibrational states as well as on the ground 
state for each of the isotopic species. When the equilibrium values for 
the interatomic distances are determined, the mass of a given isotope, 
m', can be calculated from the formula, 

= (Vi + m 2 + m^)(?n 1 m 2 di t2 + m 2 m 3 dl 3 + m l m 3 dj 3 ) j 
Re Oj + m 2 + m 3 )(m'i7n 2 d 2 lt 2 + m 2 m 3 d 2>3 + m\m 3 d\ t3 ) ’ / 

wheie the notation is made clear b} r the diagram. The isotope tn' can, 



of course, be substituted at any of the three positions if the corresponding 
change is made in the formula. Here B' e /B e represents the ratio of the 
B e values for the two isotopic combinations, and d\ t3 — d\, 2 + ^ 2 . 3 - F 01 ’ 
an accuracy comparable to that obtainable on the line frequencies, 
equilibrium values for the d’s and B’s must be used. In no instance has 
this so far been done. Fairly accurate results can be obtained by using 
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average ground-vibrational-state values for these constants. Assume 
that two different isotopic substitutions, m\ and m'\, are made for m/. 
If zero-point vibrations are neglected, the mass difference ratios are 
given by: 


m i m 1 12 o / B'o — B q\ / m\ + m 2 + m 3 


^1 hi 1 Bo f Q B 0 ) \ffi\ “f* -f" W 3 



( 0 . 18 ) 


It can be shown that the fractional error (caused by neglect of zero- 
point vibrations) in the mass difference ratios, ~ w'i)/(mi - m"i), 
determined in this way, is of the order , 23 


Be - Rq\ ///?i 
2 /i 0 /\ ’wi 


— /// 


(b.19) 


which for the *S isotopes in OCS is ~ 1 ()~ 4 . 

Atomic masses can also be determined from the rotational spectra of 
symmetric-top or asymmetric-top rotors, but, in general, these determi¬ 
nal ions are likely to be less accurate than the determinations from the 
simpler linear molecules. Ratios of the germanium isotopes 24 have been 
evaluated from the microwave spectrum of GeH 3 Cl. 

bor a summary of the mass ratios already determined from microwave 
spectra see Table A .8 in the Appendix. 
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7 . ELECTRICAL PROPERTIES OF MOLECULES 


7.1. NUCLEAR QUADRUPOLE COUPLINGS IN MOLECULES 

The measurement of nuclear quadrupole couplings in molecules f 
provides a new means of investigating the electronic structures of mole¬ 
cules. The coupling factor (see Sec. (>.2) which is obtained from the 
measurement of hyperfine structure of linear or symmetric-top rotors 
is cQq , where e represents the electronic charge, Q represents the nuclear 
quadrupole moment, and q = (d 2 V)/(dz 2 ), where V is the potential of the 
molecular field at the nucleus for which the coupling is measured, and 
2 is the coordinate along the symmetry or bond axis. An additional 
quantity obtained in asymmetric rotors or in non-svmmetric crystalline 
fields will be discussed later in this section. As explained in Sec. 0.2, q 
depends almost wholly upon the valence electrons, and when there are 
unbalanced p electrons it depends to a first order of approximation upon 
the way the p orbitals are occupied. If q can be calculated from a 
knowledge of the molecular structure, Q can be determined from the 
measurements of eQq. But, what is more important for the present con¬ 
siderations, if Q is known from other sources, q can be determined from 
the microwave measurements. Since the Q of a given nucleus is con¬ 
stant, relative values of q in different molecules can be obtained even 
when Q is unknown. 

From Eq. (>.12, the number of unbalanced p electrons is 




Z) 


(7.1) 


where N X1 N y , and N z represent the number of electrons, or the t ime- 
averaged fractional number, in the p Xl p U} or p z orbitals, respectively. 
In the count of numbers of electrons in the atomic orbitals, a pair 
shared equally in a pure covalent bond is counted as one electron per 
atom. See Sec. (j.2. Unequal sharing is taken into account by assign¬ 
ment of ionic character to the bond as described below. 

We assume that ( r p can be evaluated experimentally as described in 
Chapter 0 and proceed to explain how it can be expressed in terms of 

f A tabulation of measured values is given in Table A .5 in the Appendix. 
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bond properties. When the bonds of a molecule are pure covalent 
bonds formed from pure s or p atomic orbitals it is a simple problem to 
count the number of unbalanced p electrons. When, as is usually true, 
the bonds are not so idealized, it is customary 1 to consider them hy¬ 
brids formed by resonance between different hypothetical idealized 
states To obtain the U p for the actual molecule, one simply counts 
the unbalanced p electrons for the different contributing structures and 
averages them in accordance with the estimated contributions of these 
structures to the ground state of the molecule. This simplified ap¬ 
proach neglects, among other things, the effects of the interactions of the 
various contributing structures upon the coupling. Nevertheless, the 

self-consistency of the results obtained indicates that the approach 
is of useful accuracy. 

. We illustra te the determination of U v for some typical cases. Con¬ 
sider first an atom A, such as a halogen which forms a single bond to 
complete its octet. The reference 2 axis is chosen along the bond. If 
the bond is formed with a pure p orbital and has no ionic character, N z 

— I? N x — 2, A v = 2, and l p = +1. Usually, however, the bond has 
some ionic character, and the bond orbital has some s character. If a 
lepiesents the p er cent s cha racter o f the bonding orbital, the orbitals 

are: Vas + Vl - a p z , VT- as - V~ap z , p X} and Pu . For the 
covalent state, then, N z = (1 - a) + 2a, N x = 2, N y = 2, and U p 

— (1 — a). For the ionic state with the negative charge on A, there is 
spherical symmetry, and U p = 0. When the charge on A is positive, 

A 7 , = 2a(l + c), N x = 2(1 + c ), N y = 2(1 + c ), and U p = 2(1 + c) 

X (1 — a). The weighted values for atom A in the actual molecule are: 


Up ~ 0 0)0 — a) for negative charge on A, (7.2) 

U P = {1 +0(1 + 2c) j (1 - a) 

, for positive charge on A, (7.3) 

« (1 + 1.500X1 - a) 

where a represents the s character of the bonding orbital of A, 0 repre¬ 
sents the ionic character of the bond, and c is a correction for the change 
in screening caused by the charge. From the fine structure of the halo¬ 
gens, Townes and Dailey 2 estimate c as 0.25. However, from the in¬ 
ternal consistency of the quadrupole couplings this value seems to be 
too large. 

Consider now the case of an atom, A, in a symmetric-top molecule 
AB 3 with sp hybridized orbitals, three of which form covalent bonds 
and the fourth of which is filled with an unshared pair. Examples of 
this type are NH 3 , NF 3 , AsF 3 , and SbF 3 . If a represents the per cent 
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s character of the bonding orbitals, the normalized wave functions can 
be written: 

= (1 - 3 a)'*S+ (3a)»p„ 

„ /T-3a\* /2\* 

\p 2 = « 2 s - ^—-— i Vz + y-j Px, 


p - - © p - + © "■■■ 



The orbital which has the unshared pair is directed along the symmetry 
or 2 axis and is chosen as \pi. If the bonds also have some ionic charac¬ 
ter, the number of unbalanced p electrons is: 



2/3 I 

1 - 3/3 +- 

1 + cJ 


~ — 3a(l — 1.40/3) for negative charge on A (7.4) 
U p = -3a[l -3(3 + 4/3(1 + c)] 

~ — 3a(l + 2/3) for positive charge on A, (7.5) 

where /3 represents the ionic character of each bond, a represents the s 
character of the bonding orbitals, and c the correction for changes in 
screening caused by the charge. These formulas are derived from an 
averaging of the unbalanced p electrons of the contributing structures 
with the correction for change in screening, as indicated above. 

The case of an atom which forms double or triple bonds is of interest. 
The components of a multiple bond are unlike. One component is 
axially symmetric and is formed by an orbital which is an sp hybrid. 
This is the a bond in molecular orbital terminology. The other com¬ 
ponents are presumably formed with pure p orbitals. They are the tt 
bonds of molecular orbital theory. For example, a triple bond such as 
the C=N bond in HCN is made up of a a bond formed by an sp hybrid¬ 
ized orbital and two tt bonds formed with pure p orbitals. If a repre¬ 
sents the per cent s character of the bond, t he wave functions for the 
orbitals can be written as: s + Vl - a p Z) V1 - as - V~ap z 

p x , and py. If the orbital V^l — a s — X^a p z has an unshared pair 
and there is no ionic character, U v = —a. The determination of the 
effects of ionic character is complicated by the fact that an atom ex- 
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hibits a greater electronegativity through an s orbital or an sp hybrid¬ 
ized orbital than through a pure p orbital. To a first approximation, 
however, one may assume that each component of the multiple bond 
has the same amount of ionic character. 


Table 7.1. Comparison of calculated and observed unbalanced p electrons 

with pure p bonding orbitals assumed 


Per cent Ionic 

Theoretical 


Ch 

iaracter f 

Up from 

Observed U p = 

100- 

Xa - Xb\ 

Eq. 7.2 

molecular eQq J 

Moleeule 

2 

or 7.3 

2 X atomic eQq 

Cl 35 (2 X atomic eQq = 

= -109.74 Me) § 

Cl 2 (solid) 

0 

1.00 

0.99 

BrCl 

10 

0.90 

0.94 

IC1 

25 

0.75 

0.75 

T1C1 

80 

0.20 

0.14 

NaCl 

100 

0 

0.01 

CHsCl 

25 

0.75 

0.69 

CF 3 C1 

25 

0.75 

0.71 

SiH 3 Cl 

60 

0.40 

0.36 

SiF 3 Cl 

60 

0.40 

0.39 

GeHsCl 

65 

0.35 

0.42 

CH 3 HgCl 

60 

0.40 

0.38 

Br 79 (2 X atomic eQq 

= 769.62 Me) || 


Bi *2 (solid) 

0 

1.00 

0.99 

BrCl 

10 

1.15 

1.14 

NaBr 

95 

0.05 

0.01 

CH 3 Br 

15 

0.85 

0.75 

CF 3 Br 

15 

0.85 

0.80 

SiH 3 Br 

50 

0.50 

0.44 

SiFaBr 

50 

0.50 

0.57 

GeH 3 Br 

55 

0.45 

0.49 


t Electronegativities used are those of Pauling, Table 8.4 (p. 309) except 
1.4 for T1 (determined from the force constant and bond length of T1C1). 
t Values of molecular eQq used are from Table A.6 in the Appendix. 

§ From Jaccarino and King. 3 

|| From J. G. King and V. Jaccarino, private communication. 


The Cl 35 and Br' 9 couplings have been measured in many mole¬ 
cules. From the atomic beam measurements of Jaccarino and King 
the coupling per unbalanced p electron is determined as —109.74 Me 
in Cl 35 and 709.62 Me in Hr 79 . The number of unbalanced p electrons 
for Cl or Br in a molecule is the observed coupling divided by twice the 
atomic eQq. Table 7.1 gives the experimentally determined U p f QI 
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Cl 35 and Br 79 in some simple molecules. These may he compared 
with those calculated from Eq. 7.2 or 7.3 with assumed values for the .s 
character of the bonding orbital and the ionic character of the bond. 
The observed bond lengths indicate that the double bond character in 
the molecules can be neglected. 

The cases of BrCl and Cl 2 are particularly important because the 
number of unbalanced p electrons shows that the bonding orbital of Cl 
is very close to a pure p orbital in these molecules. 4 - 5 The case of Cl 2 is 
not complicated by ionic character, but some uncertainty arises from 
the fact that the measurement was made on molecules in the solid state. 
(See, however, Sec. 6.2.) The number of unbalanced p electrons in 
BrCl is only 6 per cent below unity, despite the fact that the ionic 
character as well as the s character of the bonding orbital would reduce 
Up below unity. Thus, if smaller effects such as double bond character, 
distortion of orbitals, and contribution from higher electronic states are 
neglected, an upper limit of 0 per cent is set for both the s character 
of the bonding orbital and the ionic character of the bond. From the 
electronegativity difference of 0 . 2 , an ionic character of a few per cent 
would be expected. Therefore, as previously pointed out, 4 - 5 it appears 
that the CT bonding is close to the pure p type. Although some dif¬ 
ference in bond-orbital hybridization would be expected in different 
molecules, it is difficult to justify a larger Cl hybridization in IC1 than 
in BrCl, in view of the smaller energy of the IC1 bond. If a pure p bond 
is assumed for the ('1 bonding orbital, the ionic character required to 
account for the Cl coupling in IC1 is 2.5 per cent. This does not seem 
unreasonably high considering the difference, 0.5, in the electronega¬ 
tivity of I and Cl. 

The Cl couplings in T1C1 and Na(’l, determined by molecular beam 
measurements, 6 - 7 show either that these bonds have a high ionic charac¬ 
ter or that the Cl bonding orbitals have exceptionally high $ character. 
The latter is improbable, but the former would be expected from the 
large electronegativity differences of the bonded atoms. We have as¬ 
sumed pure p bonding orbitals, as in BrCl, in calculating the theoretical 
I p in fable 7.1, and we have used a similar procedure for the other 
molecules listed there. Although small amounts of s hybridization and 
double-bond character may exist in some of these, it is not believed that 
the constancy or accuracy of the electronegativity values justifies at¬ 
tempts to include their effects. In particular, if one assigns 5 to 10 per 
cent s bond character to the bonding orbitals of Cl, Br, and I when these 
elements are combined with elements of the first row of the atomic- 

table, a better over-all agreement of the calculated and observed U is 
obtained. 4 r 
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Figure 7.1 shows a graph of 1 - U p against the electronegativity dif¬ 
ferences of the bonded atoms. If it is assumed that ionic character is 

represented by 1 - U p , the plot suggests that an electronegativity-ionic 
character relation of the form, 4 


P = Ionic character ^ a 


%A — -Tb 




can be used for predicting ionic character. In this assumption the 
effects upon the coupling of the interaction between ionic and covalent 
states are neglected. Regardless of this interaction, Fig. 7.1 shows how 



Fig* 7.1. Plot of observed (1 — U p ) against electronegativity difference | x\ — a*B I 

for couplings listed in Table 7.1 for which U p < 1. 


the molecular coupling depends upon the electronegativity difference of 
the bonded atoms. The electronegativity scale of Pauling 8 is to be 
used with Eq. 7.6. The values from it are tabulated in Table 8.4. The 
applications to atoms with a large positive charge are less certain be¬ 
cause an additional estimated parameter c is involved. Hence, FC1 and 
FBr are not included. However, their quadrupole coupling indicates 
some double-bond character as well as s hybridization of the bonding 
orbitals. 

The atomic coupling has been measured 9 for As. It shows the cou¬ 
pling per unbalanced p electron to be about 600 Me. The As coupling in 
arsine, —164 Me, measured by Loomis and Strandberg, 10 allows a fairly 
precise calculation of the bond-orbital hybridization of As. The ob¬ 
served U p = — £££ = —0.28. Here double-bond character is out of 
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the question, and the electronegativity difference of As and 11 shows 
that the ionic character would be very small, (3 = 0.05, with the positive 
charge on As. Equation 7.5 shows that the s character of the As bond¬ 
ing orbital is nearly 9 per cent. The large amount of ionic character in 
AsF 3 (electronegativity difference 2.0) makes the estimate of the hy¬ 
bridization in this molecule from the nuclear coupling highly uncertain. 
Also, the problem is complicated by possible contributions from struc¬ 
tures ot Type II. However, if the molecule is assumed to consist princi¬ 
pally of the three forms of I 


F 

As + —F 


F+ 

/ 

As”—F. 


F 


F 


ii 


the 6- character ot the As bonding orbital as calculated from the As cou¬ 
pling is about 8 per cent. The larger angle in this molecule over that 
in AsH 3 could be caused by the larger repulsion of the F atoms over the 
hjdiogens and by contributions from form II. The observed bond 
lengths indicate some double-bond character. 

Deviations from rotational symmetry in the quadrupole coupling of 
a single nucleus in a linear or symmetric-top molecule cannot be de¬ 
tected from the hyperfine structure of rotational spectra. In them, 
only one coupling factor is obtained from the analysis of the spectrum. 
However, in asymmetric rotors or in quadrupole spectra of solids (see 

Sec. 2.0 and Sec. 5.3), two independent coupling factors are obtained f 
These can be expressed as eQq zz and « = (q xx - q yy) /q ZZt where q zz 

= 0 V/dz~, q xx = d V/dx 2 , and q yy = d 2 V/dy 2 . (The latter quanti¬ 
ties are also frequently abbreviated as <t> zz , etc., or V zz , etc. When only 
one such quantity is involved as in symmetric rotors, the simpler 
abbreviation q, as used in previous sections, is frequently employed.) 
fhe quadrupole-coupling information in asymmetric rotors is obtained 
with reference to the principal axes, a, b, and c (Sec. 2.(i) The cou¬ 
pling factors can then be converted with Eq. 2.83 to new orientations, 

t There are cross terms such as Qxv = g in the quadrupole term of the expansion 

of the electrical energy of the nucleus in the molecular field. Nevertheless the co¬ 
ordinates can always be so oriented that only the three diagonal elements’remain 
In \ .ew of Laplace s equation, VW = 0 (which holds since the charge on the nucleus 
- not considered m the calculation of the molecular field gradient), there are only 
two independent quantities even in the general asymmetric case, and, when there il 

remlins m ’ *’ and <»* independent quantity 
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•r, y, and 2 , which may be more convenient for interpretation in terms 

of bond orbitals. Frequently one of the principal axes lies along a bond 

axis or an axis of symmetry and can be chosen as x, y, or 2 without 

rotation. The 2 axis is usually chosen so that q„ is the largest of the 
three components. 

In solids or in gaseous symmetric-top molecules where more than one 
coupling factor can be measured, correspondingly more information 
can be obtained about the bonding. Goldstein and Bragg," for exam¬ 
ple, have pointed out that the asymmetry parameter can be used to 
evaluate double-bond character. From it they have predicted that the 
(’(’1 bonds in CH 2 CHC1 and in CH 2 CFC1 have about 5 per cent double¬ 
bond character. Townes and Dailey 12 suggested that the large value, 
e — 0.15, obtained by Dehmelt 13 in solid I 2 indicates some resonance 
switching of the bond in the crystalline phase. Dean l3 “ has interpreted 
the asymmetry, e = 0.08, which he observed in the Cl 35 coupling in 

solid p-dichlorobenzene to indicate partial double-bond character of 
the CC1 bond. 

If it is assumed, as before, that the principal terms in the coupling 
aiise from p electrons, simple rules can be formulated for determining 
bond characteristics from e. Let us choose the z axis along a bond to 
the coupling nucleus. I he x and y axes then lie in a plane perpendicular 
to the bond. hrom comparison with Kcj. 6.12 we can write 


eQqxx = 


Ny + N Z 


— N^J X (coupling for U p = 1), (7.7) 


eQqyy = 


'N x + N 


— Ny) X (coupling for U p = 1), (7.8) 


and 


~ . N x + Ny _ 

e Q<lzz — (- 1- N z ) X (coupling for U p = 1), (7.9) 


€ = 


( lxx (Jyy 


zz 


3(N y - N x ) 
N x + Ny - 2 N. 


(7.10) 


Note that Eq. 7.10 is independent of the quadrupole moment of the 
nucleus and of the coupling per p electron. To the approximation 
allowed by the assumptions involved, the measurable quantity e de¬ 
pends only upon the way the p orbitals are filled. 

Assume, tor example, that the p z orbital is directed along the z axis. 
(The orbital could be pure p z or an sp z hybrid.) If from structural 
information the direction of the other p orbitals is known relative to 
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arable 



-200 -150 -100 -50 


0 


50 


the principal axes of inertia, x can be chosen along one and y along the 
other of the p orbitals which lie in the xy plane. The quantity e can 
then be obtained from the meas- 

tr d*V 

quantities, q aa = , 

oar 

d 2 v d 2 v , 

Qbb = ~2 » <2cc = , (by proper 

rotation of coordinates) and can 
be compared with the quantity 
on the right of Eq. 7.10, with 
assumed values of N x , N U) and 
N z . Additional information can 
be obtained from eQq zz in the 
manner previously described for 
symmetric coupling. 

Figure 7.2 shows the pure 
quadrupole resonance frequencies 
observed by Dean and Pound in 
various solid chlorobenzene com¬ 
pounds. If rotational symmetry 
about the bond is assumed, the 
coupling eQq is twice the reso¬ 
nance frequency (see Sec. 5.3). 

Note the differences in the cou¬ 
plings produced by the various 
subst it utions and by t he variations 
in temperature. Dean and Pound 
point out that the discontinuities 
in certain curves probably result 
from phase changes. It seems 
likely that many correlations will 
be found between quadrupole- 
coupling data and other physical 
and chemical properties of the 
molecules. 



-200 -150 -100 -50 0 

Temperature, in °C 
( 6 ) 


50 


I ig. 7.2. Pure quadrupole resonance fre¬ 
quencies in various solid chlorobenzene 
(4>) compounds as a function of tempera¬ 
ture. (From C. Dean and H. V. Pound, 
./. Chem. I>hys. 20, 195 (1952).! 


7.2. DIPOLE MOMENTS 

Precise electric dipole moments are obtained from microwave spectros¬ 
copy by measurements of the Stark effect, discussed in Sec. 3 1 Ap¬ 
proximate dipole moments can also be obtained from measurements of 
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the absorption coefficients, and particularly from dielectric absorption 
in liquids and solutions (Sec. 5.4). Stark-effect data yield dipole mo¬ 
ments appropriate to the vibrational level measured. This situation 
may be contrasted with measurements of the temperature dependence 
of electric susceptibility, which yield mean values for the dipole moment 
average over all the molecular states. This specificity of microwave 
data to particular molecular states is the same for dipole moments as 
for interatomic distances. Variations of dipole moment with rotational 
state or with isotopic species appear to be within present experimental 

error. However, differences in the dipole moment for different vibra- 
tional states have been detected. 14 - 16 - 16 

7.2a. Measured Values. Dipole moments of a number of mole¬ 
cules, as determined from the Stark effect in microwave spectroscopy, 
are listed in Table .4.5 in the Appendix. For asymmetric-top molecules, 
Stark-effect data give dipole moments along the principal axes of iner¬ 
tia. These components may or may not correspond to axes of electrical 
symmetiy. Foi paitiallv deuterated arsine, phosphine, and stibine, the 
data have been reduced to give the dipole moment of each molecule 
along the axis of electrical symmetry. For CH 3 OH, with internal rota¬ 
tion, the data give the dipole moment in the direction of the C—0 bond. 
The molecules ethylene oxide and ethylene sulfide are particularly good 
examples of the care that must be taken in interpreting dipole-moment 
components. These molecules are obviously structurally similar, yet 
for one molecule is listed, while for the other, fx b . This is because the 
substitution of S for O changes the ordering of the moments of inertia 
(^a < lb < 7 C by definition) with respect to the axis of symmetry of 
the molecule. As a result, the spectra of the two structurally similar 
molecules are entirely different (see Sec. 2.2). 

The accuracy of microwave dipole-moment determinations is limited 
by different factors for different molecules. An uncertainty in the 
knowledge of the location of adjacent rotational levels may limit the 
theoretical accuracy for asymmetric-top molecules. The spectra of 
molecules with weak dipole moments may be inadequately split by 
electric fields low enough to avoid electrical breakdown. In general, 
however, the present limit to the accuracy of microwave dipole deter¬ 
minations is in the attainment of a uniform, known electric field. 

The simplest measuring system utilizes a constant d-c voltage applied 
to the Stark electrode. For most purposes this system is not sensitive 
enough, but it illustrates the major sources of error in microwave Stark- 
effect measurements. A known electrode voltage does not imply a 
known uniform electric field. There are two sources of non-uniformity 
of the electric field: accidental variations in the electrode spacing and 
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• edge effects inherent in the geometrical structures generally used for 
Stark cells. The present status of precision Stark-cell design appears to 
be that an uncertainty in the knowledge of the average electric field for 
a well-constructed cell contributes a systematic error of about 0.3 per 
cent. Fluctuations in the average field cause fluctuations in the dis¬ 
placements of the Stark lines. For molecules possessing linear Stark 
effects these fluctuations would average to zero except for the fact that 
more molecules are located in the weaker-field regions of the guide. For 
small fluctuations this effect may be neglected. If the Stark effect is 
quadratic, the net displacement of a spectrum line is small and calcula¬ 
ble. 16 A more serious effect of the field fluctuations is that the Stark line 
is broadened (and its peak lowered) so that the center of the displaced 
line cannot be estimated as closely as that for the undisplaced line. In 
typical cases this contributes a random uncertainty of ±0.3 per cent, 
giving an over-all accuracy of about ±0.5 per cent attained, for in¬ 
stance, by Shulman and Townes. 16 

It the Stark field is applied, for modulation purposes, as a square 
wave, errors in voltage measurement and in the wave form of the square 
wave must be taken into account, Shulman and Townes 16 found that 
the combination of a large d-c bias with a small a-c square wave for 
modulation could be designed so that the error in voltage measurement 
was negligible. For molecules with a quadratic Stark effect, the effec- 

tive voltage applied is E () ^1 + ~ \ where E 0 is the d-e voltage and 

E is one-half of the peak-to-peak modulating voltage. For a linear 
Stark effect there would be no correction. 

In evaluating new dipole moments, the spectrometer is frequently 
calibrated with simple molecules having accurately known moments. 
A convenient standard of comparison is O 10 C 12 S 32 , the moment of which 
is 0.7085 zb 0.004 Debye units in the ground vibrational state, 16 - 17 and 
0.700 ± 0.004 in the v 2 = 1 excited vibrational state. IJ - 16 

7.2b. Nature of Molecular Dipoles. When it is possible to under¬ 
stand their origin, dipole moments can throw much light on the nature 
of molecular bonds. Except in special cases molecular dipole moments 
are complex quantities contributed to by a number of different fac¬ 
tors even in simple diatomic molecules. Some progress has been made, 
however, in the quantum mechanical interpretation of them, par¬ 
ticularly by Mulliken, 18 and by Coulson. 19 The measurement of nu¬ 
clear quadrupole coupling in molecules, which provides a new method 
of arriving at the asymmetry of electronic charge distribution around 
the atoms, is helping to clarify the subject. The accurate measurements 
of molecular structures are also of value since in polyatomic molecules 
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the observed moment is the resultant of several components directed 
along different axes or bonds in the molecule. The principal problem in 
the interpretation of dipole moments is the calculation of the compo¬ 
nents along the different chemical bonds from known or assumed elec¬ 
tronic structures of the molecule. When this is done, it is a rather 
stiaightforv ard geometrical problem—if the molecular dimensions are 
known to calculate the resultant to be compared with the observed 

moment. The agreement thus obtained gives a measure of the correct¬ 
ness of the various assumptions made. 

An understanding of the factors which determine the dipole moment 
of a chemical link can be obtained from the molecular-orbital treatment 
by Mulliken 18 for a single bond in a diatomic molecule AB. The treat¬ 
ment also applies to a localized a bond in a polyatomic molecule. The 
two bonding electrons are assumed to be in a molecular orbital, i^, which 
is i ep resen ted by a linear combination of the atomic orbitals of A and B, 


^ — a ^A + hl/'B, 


(7.11) 


where coefficients are normalized by 

a 2 + 2abS AB + b 2 = 1, 

in which S AB signifies the overlap integral, 
moment contributed by the two electrons is, 



The dipole 



The coordinate 2 is chosen 


along the bond axes in the direction A 


with the origin at a point halfway between the nuclei. 
Substituting Eq. 7.11 in Eq. 7.12 yields 


( 7 . 12 ) 



J\b = 




x I / aZ'P*a 


dr + ( 2ab J* \p A zip *b dr + b~ j* 'J'bZ'P *b dr 


Equation 7.13 can be written in the form, 


(7.13) 


I ab = -2 e[a 2 z A + 2abS AB z s + b 2 z B \, 


2 = 


where 


(7.14) 


z A = J* ^az^* a dr = Average distance from the origin of the (7.15) 

electronic charge in atomic orbital ^a» 



NATURE OF MOLECULAR DIPOLES 


201 


zu 


-f 


and 


'I'rZ'1'*u dr = Average distance from the origin of the (7.10) 

electronic charge in atomic orbital 


z , = 


Jdr 


f ’m*b 


(It 


Average distance from the origin of the (7.17) 
charge in the overlap region. 


f \J/\ and i/'b are unhybridized atomic orbitals, the centers of gravitv of 
their electronic clouds coincide with the respective nuclei, and 


zb = b = —z\, 


(7.18) 


where d A b is the distance from nucleus A to B. However, when the 
atomic orbitals are hybridized, the centers of gravity of the electronic 
cloud in \J/\ and \p B are not at the respective nuclei, and corrections must 
be added. In this case, 

= — 2^ab + £a, (7.19) 

and 

zb = \d X B + £b, (7.20) 

and Eq. 7.14 can now be expressed as 


Bab 


- -e(b 2 - a 2 )d AB - 4eabS AB z s - 2c(a 2 £ A + (7.21) 

Equation 7.21 includes only the contributions of the two bonding elec¬ 
trons. To this must be added a term P c which results from the polari¬ 
zation of the core A + B + by the primary moment. Also to the hybridi¬ 
zation moment there must be added another term, defined below, to 
correct for any hybridized non-bonding orbitals in the core which con¬ 
tain electrons. Thus the total dipole moment of AB contains four 
components: 

7 AH = — eQAB^AB + eQ s z s + p h -f p c _ (7.22) 

J lie significance of the first term on the right, the primary moment, 

is fairly obvious. The factor, Q AB = b 2 - a 2 , designated 
1>; V Mulliken as the bond charge, represents the difference in the frac¬ 
tional parts of the bonding electron cloud in the atomic orbitals i A and 
in- If it is assumed that the overlap cloud is divided equally between 
the atoms A and B, then Q AB corresponds numerically to the ionic 
character of the bond and can be determined from the electronegativity 

difference by Eq. 7.0 or in some instances obtained from the nuclear 
quadrupole couplings. 

The second term, designated by Mulliken as the overlap moment, 
t'QsZx, arises from the fractional parts of the electron cloud which occu- 
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pies the overlap region, i.e., the charge held jointly by A and B. In 
units of e this charge is 



~~2aSab 
1 + Sab 


(7.23) 


A table of numerical values for aSab for many different bond types has 
been given by Mulliken. 20 Because of symmetry (z s = 0) the overlap 
moment vanishes for atoms of equal size but can be a Deb}^e unit or 
more when A and B differ greatly in size, since the magnitude of is of 
the order r — ^d AB |, where r is the radius of the smaller atom. Meas¬ 
ured from the midpoint of AB, the center of gravity of the overlap 
cloud is always toward the smaller atom. Hence the negative pole of 
the overlap moment is always directed toward the smaller atom. The 
oveilap moment thus adds to the primary moment when the smaller 

atom is the more electronegative and opposes it when the larger atom is 
the more electronegative. 

Suppose that the atomic orbital ^ A employed is an sv hybrid repre¬ 
sented by 

'I'A = + V1 - c 2 4, Pm . (7.24) 

Equation 7.15 can then be written as 




dr + (1 - c 2 ) Ji p ^ Vt dr 


d 


AB 


+ 2c VI - C 2 S 


SPl Z 6Pt 


(7.25) 


thus the increment, £ A , which has been added above to take care of the 
hybridization moment has the value, 


where 

1 

> 

II 

■Uy 

c 2 S z 

(7.2G) 



f 'PsZ'P *p, dr 



Ss Pe = 1 \Pa'l'* Pt dr and 

Z *P: ’ 

/I 




/ >£»'/' dr 



and where c 2 represents the s character of the hybrid atomic orbital. 
Each of these quantities can be calculated from the atomic wave func¬ 
tions, provided that the degree of hybridization is known. The evalua¬ 
tion of the hybridization moment of B is made in the same manner, but 
the corresponding hybridization moment of B will be in the opposite 
direction and will tend to cancel that of A. 



NATURE OF MOLECULAR DIPOLES 


293 


The above treatment lias included only the moment produced by the 
two bonding electrons. The remaining core, A + B + , can have a moment 
which is produced either by a complementary hybridization or by 
polarization of the atomic core by the primary dipole. (Of course, if 
AB is a pair of bonded atoms in a polyatomic molecule, A + B + will have 
moments produced by the other bonds, which, however, might be dealt 
with in a manner similar to that already described.) If the atomic 
orbital complementary to that in Eq. 7.24, 

tf'A = V1 - c 2 \p 3 — c\P Pt , (7.27) 


has an unshared pair, it will contribute a moment, 4 ccV 1 — c 2 S sp z 3Pz , 
which is opposite in sign and 1 /a 2 times as large as that contributed by 
the hybridization of the bonding atomic orbital ^ A . 

The atomic moment depends not only upon the hybridization but 
also upon the way the hybridized orbitals are filled. The hybridization 
moment of a given orbital is frequently counterbalanced by comple¬ 
mentary hybridization in other orbitals. For example, the atomic 

moment of C in methyl iodide is small because the four hybridized orbi- 

%/ 

tals are almost equally filled, and, of course, this is exactly true in a 
symmetrical molecule such as GII 4 . However, in such molecules as 
methyl chloride or methyl fluoride the resultant atomic moment of C 
is not negligible even if the bond orbitals are equivalent sp 3 tetrahedral 
ones, because the orbitals are not equally filled with electrons. The 
ionic character of the form H 3 C + (Hal) _ , as well as that of IIjC - Hal, 
causes the electron density in the C orbitals directed toward the hydro¬ 
gens to be greater than that of the one directed toward the halogen. As 
a result, there will be in CII 3 F a rather large C atomic moment with its 
positive pole directed toward the F. This moment then opposes the 
primary moments, and it will decrease with the ionic character and 
hence with the primary moments. The C atomic moment thus tends to 
equalize the over-all moments of the methyl halides. If there is hy¬ 
bridization also in the halogen, the complementary hybridization in the 
non-bonding orbitals which are occupied by electron pairs would cause 
a halogen atomic moment in the same direction as the primary moment. 
This would decrease with the ionic character of the C—Hal bond and 

would likewise tend to equalize the over-all moments of the methyl 
halides. 

The atomic hybridization moments are particularly important in X 
and O because of complementary hybridization in non-bonding orbitals. 
The very small moment of NF 3 (see Table A .5 in the Appendix) prob¬ 
ably results from a partial cancellation of the primary moments of the 
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nal F3_ Thp U f Ure % by hybridization mom ent of the unshared electron 
pair, the large dipole moment associated with the unshared electron 

rZ^^*?** aPP<5arS t0 be largeIy responsible for 
„ , t g h ydl 'Ogen-bond-forming properties of these atoms. The 

tkofrBi ! hydrogen-bond formation is probably the interac- 

unshared eleven pafr." ° f “ ^ ha ™ g a " 


Although the above treatment helps in an understanding of the 
nature of dipole moments, it is seldom possible to obtain more than 
qualitative agreement of calculated and observed values. None of the 
our factors mentioned can at present be calculated with accuracy. 
The rather large probable errors which must be attached to each factor 
make possible a considerable error in the final resultant. In addition, 

e possi e contributions from bonding structures other than the ones 
considered can cause large errors. 


7.3. MOLECULAR QUADRUPOLE MOMENTS 

In Previous sections the electrostatic quadrupole moments of atomic 
nuclei have been discussed. In dealing with forces between molecules— 
forces which, during collision, may interrupt microwave radiations—the 
e ectnc elds, arising from the nuclear quadrupole moments are com¬ 
pletely insignificant. The nuclear charges, however, combined with the 
charges of the circulating electrons, give rise to molecular moments—di- 
po e, quadrupole, etc. and these molecular moments are important 
during collisions. If the molecules have no dipole moments, the molecu¬ 
lar quadrupole moment Q Mol is often the most important term. Of 
course, such non-polar molecules in general have no microwave spectra, 
but their collision cross sections for the interruption of radiation of an- 
othei gas, such as NH 3 (which is a strong absorber of microwave en- 
dgy) can be measured. 21-26 Let us assume that the only important forces 
between an NH 3 molecule and a molecule X arise from the interaction 
of the NII 3 dipole moment with the X quadrupole moment. The ratio 
of the X quadrupole moment to the NH 3 dipole moment can then be 
1 elated to the ratio of the NH 3 — X collision diameter to the NH 3 
— NH 3 collision diameter. 22 Details of the calculations, which employ 
time-dependent perturbation theory with a dipole-quadrupole interac¬ 
tion Hamiltonian, will not be given, but some results are listed in Table 
.4.3 in the Appendix. Because of necessary approximations in the 
analysis, the absolute quadrupole moments listed in Table .4.3 may be 
in error by as much as 50 per cent, although the relative values are 
much more accurate. Improvements in the theoretical analysis, now 
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in progress at many places, should ultimately yield more accurate 
moments from the microwave data. Nonetheless, the qualitative results 
already obtained have proved interesting in estimating sp hybridization 
of N 2 and 0 2 . 26 The relative magnitudes of the quadrupole moments 
of C 2 H 2 , C 2 H 4 , and C 2 Ii 6 are also interesting, as they demonstrate an 
increase in quadrupole moment with bond order for this group of mole¬ 
cules. Such a sequence seems consistent with the accepted structures 
of the molecules, although exact calculations have not yet been made. 

In Table A.3 in the Appendix, it will be noted that for 0 2 and C 2 Hf, 
only an upper limit for the quadrupole moment is given. For them (he 
microwave collision diameters are not significantly larger than kinetic 
theory diameters, so that shorter-range forces may contribute to the 
observed cross section. Some values for linear polar molecules are also 
given. The assumption here is that the average period of rotation of 
these molecules is small as compared with the collision duration, so 
that the dipole interaction averages to zero. This assumption is only’ 
fair. 

The definition of Qm 0 \ t is 


Q 


Mol = J Qip, 2 (3 COS 2 0, — 1) dr, 


(7.28) 


where (/ t is an element of charge (electron or nucleus). 

is the distance of the charge from the mass center of the 
molecule. 

0 L is the angle between the symmetry axis and p t . 

For symmetrical noil-polar molecules the origin for calculating Q Mol is 
immaterial. For unsymmetrical molecules the origin must be chosen as 
the mass center. 

Equation 7.28 may be expanded to 

C?Mol = Q n Mol T f«T.Mol 

W Moi = -fe ZnP 2 *(3 cos 2 0 n — I) = Nuclear contribution 


n 


Q e Mo 


1 


— ~ e J y l / ^2 P~e(3 cos 2 0 C — \)\p* dr = Electronic contri- 


(7.29) 


bution, 


where e is the magnitude of the electronic charge. The term in Eq. 
7.29 of interest in interpreting molecular properties is the electronic 
contribution to the quadrupole moment. If an orthogonal combina- 

t This definition differs from the nuclear Q definition (Sec. 0.2) by a factor of e. 
It corresponds, however, to prevalent molecular usage. 
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tion of molecular orbitals is chosen as a basis for calculation, Q e Mo] 
is given by 

Q c Moi = -«E I 'f'moP 2 e (3 cos 2 0 e - l)f* m0 dr, (7.30) 

mo ** 

a sum of contributions from each molecular orbital. Evidently Eqs. 
7.29 and 7.30 form a basis for evaluating choices of orbitals for molecular 
ground states from measured molecular quadrupole moments. These 
measurements are so recent that only a few quadrupole moments have 
been calculated to date. It is interesting that the sp hybridization 
estimated for N 2 and 0 2 from the observed moments 26 (20 per cent 
and 5-10 per cent, respectively) agree with Mulliken’s values 27 of 
22 per cent and 9 per cent. These latter values were obtained by choos¬ 
ing orbitals so as to minimize the ground-state energy. 

7.4. MOLECULAR ROTATIONAL MAGNETIC MOMENTS 

the origin and nature of the rotational magnetic moment in molecules 
is of interest because of its relation to the electronic structures. Classi¬ 
cally, one expects rotating charges to give rise to magnetic fields. In a 
neutral molecule, however, the effects of the rotating positive charges 
tend to counterbalance the magnetic fields set up by the revolving clouds 
of electrons which surround the nuclei. The early theory of Condon 28 
combined with measurements of rotational magnetic moment pj for the 
hydrogen molecules made with molecular-beam techniques 29 showed 
that the concept of fixed charges rigidly attached to, and rotating with, 
the molecular frame could not account for the rotational magnetic 
moment. The theory that the electrons and nuclei rotate together in a 
rigid model not only gave an incorrect magnitude but the wrong sign 
for the pj of II 2 . Using quantum mechanical perturbation methods, 
Wick 30 showed that the experimental moment of H 2 could be accounted 
for if the electrons did not rotate rigidly with the nuclei around the cen¬ 
ter of gravity of the molecule but lagged, or slipped behind the nuclei. 
In H 2 this electron slip is so great that the two protons ma}' be regarded 
as revolving in a fixed electron cloud. 

Wick’s theory of the electron slip has been extended to polyatomic 
molecules b} r Jen 31 and by Eshbach and Strandberg 32 to account for 
rotational magnetic moments obtained from microwave spectroscopy. 
Only the outer valence-shell electrons of non-hydrogen atoms need be 
considered, since to a good approximation the inner closed shells can be 
regarded as rotating rigidly with their respective nuclei. So far, Jen’s 
theory has been applied in a qualitative manner only, because of in¬ 
adequate knowledge of the electronic wave functions in the polyatomic 
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molecules studied. The theory is in qualitative agreement with the 
data of Table 3.1, where the larger moments are seen to be those for 
the relatively light molecules containing hydrogens. The rapid revolu¬ 
tion of the nuclei in these molecules, combined with the large amount 
of slipping behind of the electrons of the hydrogens could account for 
their large rotational moments. 

It is apparent that, when more data are obtained and a more detailed 
theoretical understanding of the rotational gj factors is achieved, the 
Zeeman effect in microwave spectroscopy may become a valuable new 
method for investigation of the properties of molecular bonds. 
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8. MOLECULAR STRUCTURES 


8.1. DETERMINATION OF MOLECULAR DIMENSIONS FROM 

ROTATIONAL CONSTANTS 


Information about the positions of atoms in a molecule is obtained 
from the spectroscopic constants A , B, and C discussed in Chapter 2. 
These spectroscopic constants are simply related to the principal mo¬ 
ments of inertia of the molecule by 



In more convenient form the moment of inertia 



I a (10 40 gm cm 2 ) 


8.38911 X 10 5 

Z(Mc) 



or for I a expressed in physical atomic mass units (amu) and 
units (A) 


I a (amu A 2 ) 


5.05480 X 10 5 
A (Me) 


in Angstrom 



with similar expressions for I h and I c . The value of h is 6.623773 ± 
0.000180 X HT 27 erg sec. 

In diatomic molecules the one observable moment of inertia, along 
with the physical atomic masses, is sufficient to obtain the interatomic 
distance. For symmetric tops only one of the moments of inertia can be 
obtained from rotational spectra; however, it is possible to derive all 
three moments of inertia from the microwave spectra of asymmetric 
tops. The structure of a triatomic asymmetric top which forms an 
isosceles triangle (symmetry group C 2v , example H 2 S) may be uniquely 
determined from the spectrum from any two of the moments of inertia. 
Because of the well-known theorem for a rigid planar body, 

Ic = U + h, ( 8 - 4 ) 

a maximum of two independent equations linking the molecular di¬ 
mensions with the rotational constants can be obtained for a triatomic 
molecule. Hence, if there are three independent structural parameters, 
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as in a non-linear XYZ molecule, the structure cannot he completely 
determined from the rotational spectrum without the aid of isotopic 
substitution. 

Since to a high order of approximation the internuclear distances 
depend upon the electrical properties of the atoms and not upon their 
masses, one can employ isotopic substitution to obtain additional 
equations involving the interatomic distances and measurable quantities. 
In general, however, only one substitution at a given atomic position 
gives additional independent equations. Further substitutions are 
useful in the estimation of the errors inherent in this method. 

In most polyatomic molecules the factor limiting the accuracy of the 
determination of the interatomic distances is the difference in zero-point 
vibrations of the various isotopic species which are employed in the 
evaluation. For many molecules already investigated more isotopic 
combinations have been measured than are required for a complete 
evaluation of the structure. The additional data allow an estimate of 
the zero-point errors through the internal consistency of the results. 
The inconsistency is usually not greater than 0.2 per cent except for 
substitution in the light hydrogen atom. 

When it is not possible to obtain sufficient isotopic combinations to 
determine the structure unambiguously from microwave data alone, it is 
frequently possible to obtain a complete determination of the structure 
from a combination of the microwave data with data from other sources. 
For example, the electron diffraction method frequently gives certain 
distances in a molecule quite accurately, though yielding little or no 
information about other distances in the same molecule. This partial 
information can be used to advantage to supplement the microwave 
results in the complete structural determination. This is illustrated, 
for example, by the work of Shoolery, Schomaker, et al. 1 on CF 3 CCH. 
When no data are available to supplement the microwave results it is 
usually possible to estimate certain distances from the various rules 
given in this chapter. It is more desirable to determine the structure 
from microwave data alone because more accurate results are obtained, 
despite the limitations usually imposed by zero-point vibrations. 

Sometimes even in relatively simple molecules the order of arrange¬ 
ment of atoms is not known. This order can be established readily from 
the microwave spectra. For example, Beard and Dailey 2 showed from 
microwave data that isothiocyanic acid (UNCS) rather than its isomer, 
thiocyanic acid (HSCN), exists in the gas phase. Previously it was 
thought that thiocyanic acid was the more probable form. Wilcox and 
(ioldstein 3 have shown from the nature of its microwave spectrum that 
pyrrole has a planar structure. 
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8.1a. Diatomic Molecules. The interatomic distance r in a dia¬ 
tomic molecule is simply 



wlieie vi\ and mo are the masses of the two atoms. A distinction between 
the hypothetical equilibrium distance r e and the average distance in the 
giound vibrational state tq must be made. From B c the spectroscopic 
constant, r e is obtained. I his distance corresponds to a hypothetical 
state of the molecule where no vibration takes place, and the molecule 
rotates very slowly. However, in the ground vibrational state the mole¬ 
cule has a half-quantum of vibrational energy, and tq, obtained from Bq 
through Eqs. 8.2 or 8.3 and 8.5, is an average value of the interatomic 
distance over the vibration. As pointed out by Teller, 4 ro is not a simple 
average, but instead 




Even if the vibration of the diatomic molecule were harmonic, r$ and r e 
would be different with r 0 < r e . This would require a (Chapter 2), 
which depends upon r 0 and r c , to be negative. However, since a is 
positive for all diatomic molecules thus far studied in the microwave 
region, the anharmonic contribution to a is positive and more than 
compensates for the harmonic effects. Herzberg has discussed the 
dependence of a on the form of the potential function. 5 A comparison 
of r 0 and r e for CO and FC1 is given in Table 8.1. Values of r 0 for the 


Table 8.1. Illustration of variations of interatomic distances in diatomic 

molecules (from data in Table A A) 



r e 

ro 

Isotopic Species 

(A) 

(A) 

C 12 0 16 

1.12S2 7 

1.1307S 9 

C 13 0 16 

1.12S2 7 

1.13072 5 

pi9Q35 

1.G2S22 

1.63167 

F 19 C1 37 

1.62821 

1.63163 


diatomic molecules listed in Table A.7 in the Appendix range from about 
0.1 per cent to 0.4 per cent higher than the corresponding values of r e . 
Since the shape of the potential function depends primarily on the 
electron configuration and not on the masses of atoms involved, the 
equilibrium distances r e would be expected to be the same for all isotopic 
combinations. However, ?- 0 should not be the same, since a is dependent 
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upon the vibrational frequency, which in turn depends upon the reduced 
mass of the molecule. This effect is not very noticeable for diatomic 
molecules but becomes a significant limitation upon the accuracy of 
the structures of polyatomic molecules as evaluated with microwave 
spectroscopy. 

8.1b. Linear Polyatomic Molecules. A linear polyatomic mole¬ 
cule of n atoms has in general n — 1 independent structural parameters. 
The moment of inertia I is a function of all n — 1 distances and is con¬ 
veniently written in terms of the coordinate r { of atom from the center 
of gravity along the molecular axis, 


In addition, 


n 


/= E 


m i r i 


i = l 


n 

22 = 0. 
»=i 


(8.7) 

( 8 . 8 ) 


In these equations ni{ is the mass of the zth atom. The distance d 2 y 
between successive atoms i and j in the molecule is 



(8.9) 


Determination of all the interatomic distances in the molecule requires 
n — 2 additional independent data which frequently may be obtained 
through the effect on I of isotopic substitutions in the molecule. 

If for a rigid linear molecule • • • X— Y —Z • • • an isotopic form exists 
in which isotope X' replaces atom X, then the moment of inertia I x of 
the isotopic modification is related to the moment of inertia / of the 
original molecule, X—Y—Z • • •, by the relation 



/ + 


m Amx 
m + A rax 



( 8 . 10 ) 


where ?*x is the distance of nucleus X from the center of gravity in the 
original molecule, m is the total mass of the original molecule, and 
m -f Awx is the mass of the modification • • • X'-—Y—Z • • •. Equation 
8.10 follows simply from Steiner’s theorem. 6 Rearranging Eq. 8.10 into 
a more convenient form gives 




7 x )(m + A?n x ) 

m A mx 



( 8 . 11 ) 


In like manner /*y or r 7j can be found if the moments of inertia for isotopic 
iorms of the molecule containing a different isotope of atom Y or atom Z 
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are known. By application of Eq. 8.9, the distances between X and Y 
or Y and Z can then be determined. Occasionally it is possible to obtain 
the moment of inertia of an isotopic form of the molecule containing two 
isotopic substitutions, say X' and Z'. The moment of inertia is then 


I X ' Z = I + Am x r x 2 + Awzr z 2 - 


(A m x rx + Awzr z ) 2 

m + A mx + Aw z 


( 8 . 12 ) 


This expression is not so convenient to use since it is a quadratic in two 
unknowns. However, if either r x or r z is known, the other distance is 
easily found. If the molecular structure is known approximately, 
spectral absorption lines of the various isotopic species may be identified 
by comparison of their positions (computed with Eq. 8.10) relative to 
the absorption lines of the most abundant isotopic combination. A 
comparison of the relative intensities of the lines with the relative 
concentrations of the isotopic forms present in the sample is also very 
helpful in the identification. 

From an examination of Eq. 8.11 it is apparent that r x is quite 
sensitive to the mass difference between the isotopes of element X and 
also to the difference in moments of inertia of the two isotopic species 
under consideration. The larger Am x is, the greater will be the spacing 
between the spectral lines of the two isotopic modifications and the 
more accurately can the change in / be determined. Thus for structural 
determinations it is pertinent to know the frequency differences between 
lines resulting from isotopic modifications more accurately than the 
absolute line frequencies. It can also be readily seen from Eq. 8.11 
that, to the rigid-body approximation, the substitution of isotopes more 
than once in the same position in the molecule does not furnish additional 
independent data concerning the structure of the molecule. However, 
when more than two isotopes of the same element are available, and the 
moments of inertia of the species are known, the extent of the validity 
of the rigid-body approximation may be estimated from the consistency 
of r. 

A serious limitation on structural determinations by isotopic substi¬ 
tution is the effect of zero-point vibrations. Since the average value of 
B 0 over the zero-point vibrations is obtained from the spectrum of a 
molecule, (1//)a v is derived from it, and consequently the interatomic 
distances obtained are a rather complicated average. Since all the as 
(seeEq. 2.26) have not yet been measured for any polyatomic molecule 
from the microwave spectra, no equilibrium interatomic distances have 
been obtained. However, the effects of zero-point vibrations on the 
structure of linear triatomic molecules have been estimated by several 



LINEAR POLYATOMIC MOLECULES 


303 


researchers. 7 - 8 Approximate equilibrium values can be obtained from 
the formula, 8 

(dij)e (dij )o ( 1 ^ ^ OL n dn ,2/io 


(8.13) 


n 


where the sum on the right side is taken over all modes of vibration and 
where (dij) e is the equilibrium distance and (d 0 ) 0 is the distance for 
the lowest vibrational state between two atoms in the molecule. It is 
assumed that ^ <x n d nt 2/i 0 is the same for the two isotopic species from 


n 


which the structure was calculated. The value of ^ a n d tl 2/i 0 for OCS 


n 


has been estimated as 0.00428. Thus for OCS the equilibrium intera¬ 
tomic distances are lower than the distances in the ground state by 
about 0.2 per cent. Interatomic distances from various combinations 
of isotopic species of OCS and HCX are shown in Table 8.2. Inaccurate 
mass differences may account for the poor agreement in some instances. 

In the previous discussion it was assumed that ^ a n d n /2B 0 is a constant 


n 


for all isotopic species. This does not hold where the change in mass of 
an isotope is not small in comparison with the mass of the isotope itself, 


Iable 8.2. Comparison of interatomic distances for the ground state from 

various combinations of isotopic species 


OCS 70 



d co 

d cs 

Combination 

(A) 

(A) 

0 ,6 C 12 S 32 -0 16 C i 2 S 34 

1.1047 

1.5570 

0 ,6 C 12 S 32 -0 16 C 13 S 32 

1.1629 

1.5591 

0 16 C 12 S 34 -0 16 C 13 S 34 

1.1625 

1.5594 

o ,6 c: l2 s 32 -o l8 c l2 s 32 

1.1552 

1.5653 

ncx 




dm 

4n 


(A) 

(A) 

i ic ,2 x ,4 ne l3 N 14 

1.0074 

1. 1557 

1)C ,2 X ,4 -DC I3 N 14 

1.0058 

1.1555 

IIC ,2 N 14 -DC 12 N 14 

l.0023 

1.1507 

HC 13 N 14 -DC 13 N 14 

1.0024 

1.1503 

HC 12 N 14 -DC 13 N 14 

1.0619 

1.1508 

HC 13 N 14 -DC 12 N 14 

1.0025 

1.1500 


since the a’s and B 0 vary with different powers of the mass ratio. Con¬ 
sequently, the ro’s for the various isotopic species are not the same. 
In N 2 0 for example, I for N 15 N 14 O l0 is slightly larger than that for the 
heavier molecule N 15 N I5 0 18 . 9 Substitution of these moments of inertia 
in Kq. 8.11 leuds to a very small imaginary value of r for the distance 
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from the center of gravity of the nitrogen adjacent to the oxygen. This 

behavior is undoubtedly the result of differences in zero-point vibration 
in the two isotopic species. 

8.1c. Symmetric-Top Molecules. Among the symmetric tops of 
interest, the more common ones contain one set of three or more identical 
atoms symmetrically placed about the figure axis. For a rigid molecule 
ot this type, say X P YZ • • • (belonging to point group C pv where p > 2), 
the moment of inertia I b is 

h = + pm x r x 2 + X m i r i 2 - (8.14) 

* i 

Also 

pmxrx + X m iU = 0. (8.15) 

l 

Here l a — pnix^x 2 , r i is the coordinate of the ith atom from the center 
of gravity measured along the symmetry axis, rx is the coordinate along 
the symmetry axis from the center of gravity to the plane, s x is the 
distance of the X atoms from the figure axis, and the summations in 
Kqs. 8.14 and 8.15 are taken over only the atoms situated on the figure 
axis. For n atoms on the figure axis there are n + 1 distances and one 
angle to be evaluated. Since Kqs. 8.9-8.12 are applicable to the linear 
portion of the molecule, the distances between atoms on the figure axis 
may be evaluated by the methods described for linear molecules. The 
XY distance is given by 

dxY = [s x 2 + (rx — r Y ) 2 ]^. (8.16) 

Either a , the angle that the X—Y bond makes with the figure axis, or /3, 
the angle XVX is usually reported in the literature. Angle a is simply 


and in terms of 


a = arc tan 
a, (5 is given by 



/3 = 2 arc sin 



(8.17) 

(8.18) 


Symmetrical substitution of isotopes for the atoms which are not on the 
figure axis with a total increase in mass p Awx leads to the following 
result: 


1 


H X ' =I b + - (I P a X ' - la) + 


mp A mx 

m + p Am x 


r x 


P 9 mpAm x o 

= h + ~ A m x s x H-;-r x , 

2 m + pAm x 


(8.19) 
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where 7a X and 7 % x ' are the moments of inertia about principal axes a 
and b for the isotopic modification. 7£ x is usually much less sensitive 
to 7*x than to Sx, so that sx can be determined from Eq. 8.19 with much 
greater accuracy than is possible for rx- An additional substitution of 
isotopes in the identical positions allows sx and rx to be found directly in 
principle. However, in practice this procedure is not very satisfactory 
because of the insensitivity of (7£ x — 7 6 ) to changes in rx- Substitution 
of isotopes for some, but not all, of the identical nuclei destroys the mo¬ 
lecular symmetry, and the molecule must be treated as an asymmetric 
top. 

When there is more than one set of identical nuclei which are not on 
the figure axis (point group C v where p > 3), the extension of the fore¬ 
going treatment is evident. In Eq. 8.14 the term pmx^x will be re¬ 
placed by similar terms, one for each set of identical nuclei, and I a will 
be the sum of terms of the form pmx$x 2 - Equation 8.19 is valid for a 
symmetrical substitution of isotopes in one set of identical nuclei. 

It is sometimes possible to obtain l a for symmetric tops from infrared 
data. When rotation-vibration bands have been resolved for all funda¬ 
mentals of symmetry E, the sum rule of Johnson and Dennison 10 (see 
also Herzberg u ) 


2 Ai = 


h 


87 rc 




la 


sr.- 


( 8 . 20 ) 


is a useful relationship. In this equation Avi is the spacing between the 
E and It branches of the rotational fine-structure in a degenerate vi¬ 
bration band, and f t 7i/27r is the rotational angular momentum resulting 
from the excited degenerate vibration, the sums being taken over all the 
degenerate modes of vibration. For XV 3 molecules, / = 2 and 
+ f4 = (7 a /27^) — 1, so that Eq. 8.20 becomes 


A1/3 + Av 4 — 


hi 6 


8tT 2 C \I a 



( 8 . 21 ) 


an d, for XVZ 3 molecules, / = 3 and -f- f 6 = 7 a /27^ reduce 

Eq. 8.20 to 


Au 4 + Ai/ 5 -f Avq = 


h / 6 


/ 


8tt 2 c \I a 


( 8 . 22 ) 


When Ii is known from microwave data, 7 (1 can be found from these 
jelations. However, it must be pointed out that moments of inertia 
in ^ ( l s - 8.20-8.22 are for excited vibrational states, so that the values 
() f 7 a thus obtained are to be regarded only as approximations. This 
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method is useful when insufficient isotopic substitutions are available 
for complete determination of structure. 

At present, little is known about the effects of zero-point vibrations 
in symmetric tops since for them there are usually more modes of vi¬ 
bration of a more complex nature than there are for simpler linear mole¬ 
cules. Isotopic modifications of the methyl halides, in particular methyl 
chloride, have been studied extensively. (See Bibliography.) Simmons 12 
showed that moments of inertia calculated for completely deuterated 
methyl halides are 0.3 to 0.5 per cent higher than those observed if the 
structures of the corresponding molecules containing ordinary hydrogen 
are used in the calculations. Matlack, Glockler, Bianco, and Roberts 13 
studied four partially deuterated modifications of meth\ r l chloride and 
found that these data, together with the symmetric-top modifications, 
could not be fitted by one set of structural parameters. This behavior 
they attributed to the change in zero-point energy upon substitution of 
deuterium for hydrogen, and evaluation of the structure of CH 3 C1 in 
this manner gave an error of 0.6 per cent in the C—LI distance and 0.5 
per cent in the H—C—H angle. Substitution of deuterium for hydrogen 
in a methyl group is an extreme case, since the percentage of change in 
isotopic mass is greater for hydrogen than for any other element, and 
one would expect smaller effects in groups containing heavier atoms. 

8.1 fl. Asymmetric-Top Molecules. Because of the varied struc¬ 
tural symmetries of asymmetric-top molecules, simple generalized expres¬ 
sions cannot be given for the moments of inertia or for changes in the 
moment of inertia upon substitution of isotopes. For the general 
approach, the reader is referred to Coles’ treatment. 14 However, a few 
simple rules can be given for certain types of S3 r mmetrical molecules. 

If an atom lies on a principal axis, the substitution of an isotope for 
that atom will not change the moment of inertia about that axis, but 
will change the moments of inertia about the other two principal axes 
equally. This change, A/, is given by 



m Am 

-r , 

m + Am 


(8.23) 


where r is the distance of the atom from the center of gravity in the 
original molecule, m is the mass of the original molecule, and Am is the 
increase in mass resulting from the isotopic substitution. An example 
of this would be substitution of C 13 for one of the O l2 ’s in (TI 2 (T 2 , 
where the C—C axis is the a axis. This isotope substitution does not 
change the moment of inertia I a , but does change both /& and I c by an 
amount given by Eq. 8.23. 
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Planar molecules have only two independent moments of inertia 
(Eq. 8.4). When there is a plane of symmetry perpendicular to the 
molecular plane, the intersection of these two planes is both an axis of 
symmetry and a principal axis (either axis a or axis b). For convenience 
we shall use the two smallest moments of inertia and designate them as 
I s for the moment about the symmetry axis and I p for the moment about 
the axis perpendicular to the symmetry axis and lying in the plane of the 
molecule. (I s may be either l n or //„ depending upon the molecular 
dimensions.) The structure of a triatomic asymmetric top X 2 V having 
an axis of symmetry is completely determined by I s and I,,. If d is the 
X—Y distance and 6 the XYX angle, then 


d = 


1 


in 


and 


L2 nix \nt-Y 


Io+ I 


(8.24) 


6 = 2 arc tan 


my I 



(8.25) 


For an X 2 YZ • • • planar molecule with Y, Z • • • on the axis of symmetry, 
substitutions of isotopes in the Y, Z • • • positions give rise to distances 
r Y f i'z, ■ • • from the center of gravity in the original molecule, according 
to the formula 

, , r(/» v ' - In)(m + Am Y )V* 

(8.2(i) 


v, r - 

"(V' - lp){m + Am Y )~ 

1 \ 1 

m Amy 


with similar formulas for rz , • • •. From I p and these distances, r x , the 
distance from the center of gravity to the perpendicular projection of 
the X atoms on the symmetry axis can be determined. The perpendicu¬ 
lar distance, s x , of the X atoms from the symmetry axis is given by 


'■2 


*x = 


2 m 


(8.27) 


x 


and the X 5’ bond (list a nee is 


and 


d x Y = [«x 2 + O’x - ry )~]'*, 


(8.28) 


Z XYX = 2 arc tan :- 

r x 


• s x 


r y 


(8.29) 


Non-planar X 2 YZ 2 molecules having two perpendicular symmetry 
planes, which are tin* X 2 Y plane and tin* \ /> plane, have an axis of 
•symmetry containing (An example of this type of molecule is 
8 iI 1 2 K.) Let us designate the principal moments of inertia as follows: 
lx is the moment about the principal axis in XYX plane and pcrpen- 
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dicular to the symmetry axis, and I z is the moment about the principal 
axis in the ZYZ plane and perpendicular to the symmetry axis. From 
Eq. 8.23, (I X Y — I x ) is equal to (I Y ' — / 2 ) and 


V\r = 

~(h Y ' — I x )(m + Amy)' 

' \ | 

m Amy 


^2 


(8.30) 


where I Y and I Z Y are the new moments of inertia when isotope Y' 
is substituted for Y. Equations 8.27, 8.28, and 8.29 are applicable to 
this type of molecule for finding the interatomic distances and angles. 
Extension of this treatment to molecules of the same symmetry which 
have more than one atom on the symmetry axis is obvious. 

Evidence of zero-point vibrations can be obtained from the spectrum 
of one isotopic species of a planar molecule if all three moments of inertia 
can be obtained. Because the molecule is not rigid in the ground vi¬ 
brational state, I c does not exactly equal the sum I a + I b . Darling and 
Dennison 15 have termed A = I c — I a — lb the quantum defect which 
can be calculated if all the normal frequencies are known. The quantum 
defect is an extremely small constant in comparison with the moments of 
inertia. Values of A together with the moments of inertia of S0 2 and 
dl 2 0 are shown in Table 8.3. The accuracy with which the structural 


Table 8.3. Moments of inertia and quantum defects for S0 2 and CII 2 O 


Molecule 

SO 2 
CII.O 


Ia 0 /fc° I e° 

(X 10 -40 gm cm 2 ) A 

13.803 81.307 95.336 0.226 

2.974 21.600 24.669 0.095 


Ref. 

16, 17 
18 


parameters for the ground vibrational state of planar molecules can be 
found is thus limited by the order of magnitude of A and is of the same 
order of magnitude as for other types of polyatomic molecules. 

Table A .9 in the Appendix lists the molecular dimensions ascertained 
with microwave spectroscopy. 


8.2. FACTORS AFFECTING ROND LENGTHS AND ROND ANGLES 


Bond lengths and bond angles, when properly interpreted, can give 
important information about the nature of chemical bonds. Pauling’s 
approach 19 is to set up a table of idealized covalent radii for the most 
common and well-behaved chemical elements, assigning different values 
for single, double, and triple bonds. If the bond lengths in a molecule 


are found to differ significantly from the sum of the idealized radii ol the 


bonded atoms, he treats the molecule as a resonant hy 


brid of idealized 
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Table 8.1. Covalent radii f and electronegativities + 

Radius in Angstroms 



Single 

Double 

Triple 

Electro¬ 

Element 

Bond 

Bond 

Bond 

negativity 

II 

0.32' 



2.1 

Li 

1.34* 



1 .0 

Be 

0.98* 

0 .86* 


1.5 

B 

0.88 

0.76 

0.68 

2.0 

C 

0.79* 

0.675* 

0.60 

2 .5 

N 

0.74* 

0.62 

0.55 

3.0 

0 

0.73* 

0.60* 

0.53 

. o 

F 

0.71* 

0.60 p 


3.0 

Na 

1 .54* 



0.9 

Si 

1.17 

1 .07 

1 .00 

1 .8 

V 

1.10 

1 .00 

0.92 

2.1 

s 

1 .04 

0.95 

0.88 

2.5 

Cl 

0.99 

0.90 


3.0 

K 

1.96 



0.8 

Zn 

1.16' 



1. 5* 

Ge 

1.22 

1.12 


1.7 

As 

1.21 

1.11 


2.0 

Se 

1.17 

1 .08 


2.4 

Hr 

1.14 

1 .05 


2.8 

Rb 

2 .11* 



0.8 

Cd' 

1 .34' 



1 . o* 

Sn 

1 .40 

1 .30 


1 .7 

Sb 

1.41 

1 .31 


1.8 

Te 

1.37 

1 .28 


2.1 

1 

1.33 



2.5 

Cs 

2.25* 



0.7 

Hg 

1.34' 



1 .8* 


t The values which have no identifying symbol are from Pauling’s Nature of 
the Chemical Bond (Cornell University Press, Ithaca, N. Y., 1939), p 154 The 
values marked s are revised values by Schomaker and Stevenson Am. Chem. 
Soc. G3, 37 (1941)]. The values marked g are revised values by Gordv 1.7. Chem 

81 / 194 ')1’ anJ tllose marked 1 are assignments of the present work. 
Ihe Schomaker-Stevenson correction for ionic character, -B\ x A - Xn I mus t 
be used with the revised values. ' ’ 

t Values with no identifying symbol are from Pauling’s Nature of the Chemical 
Bom (Cornell University Press, Ithaca, X. Y„ 1939), p. 64. Values marked h 
are lrom Haissinsky, ./. phy.s. el radium 7, 7 (1946). 
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structures having pure electron-pair bonds. Pauling also showed that 

the effective covalent radius as well as the angles between bonds depends 

upon the hybridization of the atomic orbitals employed in the bonding. 

It was pointed out by Schomaker and Stevenson 20 that ionic character 

frequently shortens significantly the lengths of bonds. Most microwave 

spectroscopists use the qualitative methods outlined by Pauling for 

preliminary evaluation of structures in order to predict the correct 

region in which to search for rotational lines. Little progress has yet 

been made in the prediction of bond lengths from molecular-orbital 

theory, although a start in this direction has been made 21 by Mulliken, 

Coulson, Lennard-Jones, and others. It is to be hoped that the accurate 

dimensions now available from microwave spectroscopy will lead to 

further progress in the understanding of interatomic distances in terms of 
electronic structures. 


For convenience in the prediction of unknown structures as well as in 
interpretation of results of microwave spectroscopy, the fcovalent radii 
of 1 aiding, 9 with latei revisions, and the Pauling electronegativity 
scale 19 are given in Table 8.4. 


8.2a. Covalent Resonance or Bond Conjugation. If a bond has 
properties intermediate between those of an ideal single and an ideal 
double bond between the same atoms, Pauling described it as a single 
bond with double-bond character. Likewise, a bond intermediate in 
length, energy, etc., between a double and triple bond is treated as a 
double bond with triple-bond character. The classic illustration of bond 
lengths which are influenced by covalent resonance is the CC bonding 
in benzene. I he principal resonating structures are the two equivalent 
Kekuld forms, which give each of the bonds 50 per cent double-bond 
character. Actually, the bond properties such as bond lengths, force 
constants, and bond energies are nearer to those of a CC double bond 
than to those of a CC single bond because of the extra strengthening of 
the bonds by the resonance energy. Nevertheless, it is convenient, 
though frequently misleading, to think of the bond as the arithmetic 
mean of a pure single bond and a pure double bond. Pauling 19 gives the 
empirical equation, 


.r = (Ri - /?)/(#! - 3/? 2 + 2/0, 


(8.31) 


for estimating the amount of double-bond character, .r, from the meas¬ 
ured bond lengths, //, and the idealized single- and double-bond lengths 
//, and R 2t respectively. 'Phis equation was derived from the CC bonds 
in hydrocarbons but is frequently used for bonds between other atoms. 
The similar equation .r = (R 2 — R)/(R> ~ 2/0 + R) is used to esti¬ 
mate triple-bond character of a double bond. Because of the effects of 
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other factors on bond length, particularly those of ionic character and 

bond hybridization, the formula must be applied with caution. The 

term, bond character, as used by Pauling should not be confused with 

the fractional “bond order” commonly used in molecular-orbital theory. 

« 

Although the two terms describe the same phenomenon, they differ 
numerically (see below). 

When double-bond character can result from a combination of ? r y and 
7 t s character, Pauling 19 predicts a greater shortening of the bond for a 
given amount of total double-bond character than when Tr y or tt 2 alone 
is possible. Equation 8.31 applies to the latter case. This extra shorten¬ 
ing resulting from ir u and ir 2 resonance is most pronounced in dative 
bonds of () or F to second-row elements. Pitzer 216 has questioned the 
existence of resonance of the latter type and has suggested that the 
observed bond shortening results from differences in repulsions of the 
electron shells in the various combinations. Though it seems probable 
that differences in electron repulsions are not inconsequential, strong 
evidence exists (see Sec. 8.3) for some double-bond resonance when atoms 
having unshared pairs are joined to first- or second-row elements having 
empty orbitals in their valence shells. 

In the molecular-orbital treatment of multiple bonds, one component, 
designated as the a bond, is regarded as localized between the two atoms 
in question, whereas the remaining components, the t r bonds, are made 
up of migrating or mobile electrons which belong to the molecule as a 
whole. Usually the wave function of a ir electron is expressed as a linear 
combination of atomic wave functions, 


\p — -F a 2 l'2 • • • Qk'l'k, 


(8.32) 


where the coefficients when properly normalized give a measure of the 
relative time the particular electron occupying the orbital remains in the 
vicinity of the different atoms 1,2, • • • A\ As pointed out by Coulson , 22 
the product a r a 8 gives a measure of the contribution of the electron in 
question to the order of the bond r —s, and the total bond order A r of this 
bond is then 

1 T « • V /*. \ / \ 

(8.33) 


N = 1 + £ a r (w V n) 


H 


where the summation is taken over all the tt electrons in the molecule. 
The unit value is added to take care of the contribution of the localized 
<r bond. The fractional bond orders given by Eq. 8.33 are more nearly in 
line with the physical properties than the fractional bond character 
defined by Pauling. For example, the bond order of the C’C bonds in 
benzene is 1.77 according to this concept, which correctly indicates that 
the bond properties should be nearer to those of a double CC bond than 
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to those of a single CC bond. In the molecular-orbital treatment, the 
extra stability of the bond, attributed to resonance in the Pauling 

method, is accounted for in a direct way by the selection of the molecular 
oibitals of lowest energy for the tv electrons. 

Molecular-orbital theory has been applied by Mulliken, Rieke, and 
Brown 23 to a number of simple hydrocarbons. They obtain the remark¬ 
able result that the CC bonds in ordinary unsaturated hydrocarbons 
have a greater stability than would be expected for ideal single CC bonds 
and that their bond orders are about 10 per cent greater than unity. 
The extra stability arises from the fact that the electrons forming the 
CH bonds are not completely localized but migrate to a certain extent 
thiough the molecule. On the basis of this result, it has been suggested 24 
that the idealized single-bond covalent radius of C be changed from 
0.77 to 0.79 A. With the bond orders obtained by Mulliken, Rieke, and 
Brown, and from a consideration of other bonds, it has been shown 
empiiically 25 that the bond-order bond-length relation is of the form: 


N = aR 2 + b 

- R ~ 2 ~ Rz ~ 2 
r 2 ~ 2 - Rr 2 + 2 ’ 


(8.34) 


where A is the bond order, R is the observed bond length, and R\ and R 2 
are the idealized single and double bond lengths, respectively. This rela¬ 
tion allows the estimation of the order of a bond from its length. 
Lennard-Jones and Coulson 26 have shown that 


E — (l — p)Ei + pE 2 , 


(8.35) 


where p is the mobile bond order (N — 1), E is the actual bond energy, 
and Ei and E 2 are the energies of the corresponding pure single and pure 
double bonds, respectively. Combining this expression with Eq. 8.34 
yields 25 



(E 2 - Ei) + E 2 . 


(8.30) 


These relations allow one to estimate the energies of fractional bonds 
directly from the measured interatomic distances and energies of the 
bonds of integral order. In polyatomic molecules Eq. 8.36 applies to the 
mean energy assignable to a given bond from the total energy required to 
dissociate the entire molecule into atoms. For a discussion of these and 
other relations connecting bond length with bond order, bond energy, and 
other properties, see reference 21a. 
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8.2 b. Ionic Character. Schomaker and Stevenson 20 showed that 
single bonds between atoms of different electronegativity tend to be 
shorter than the sum of their covalent radii even when double-bond 
resonance is not present. This effect is most noticeable with bonds to F 
or O, which has a high electronegativity as compared with other atoms. 
They gave the approximate empirical rule, 

R = r A + - P I X A - ,r B |, (8.37) 

for the calculation of the interatomic distance II from the covalent radii 
r\ and /*b of the bonded atoms A and B, where .r A and .r B are the electro¬ 
negativities of the atoms and the empirical constant (3 = 0.09. For 
most molecules considered in the present work we have found fi = 0.00 
for single bonds is more satisfactory. It has been shown 24 that the rule 
also applies approximately to double bonds with p = 0.06 and to triple 
bonds with p = 0.03. In using this rule one must employ the revised 
radii 20 for H, F, and O rather than Pauling’s values, which were de¬ 
termined from bonds having appreciable ionic character. For a further 
revision of the II radius see Art. 8.3a. 

Although in many instances the Schomaker-Stevenson rule gives good 
agreement with experiment, in other instances the additivity rule without 
the correction gives better agreement. This is illustrated with a few 
examples in Table 8.5. It is not surprising that this oversimplified rule 


Table 8.5. Comparison of observed bond lengths with those estimated 

from covalent radii and electronegativities 




Added Radii, 

r a T r b , 

Observed 


Link 

4- r B , in 

— 0.06| X\ - xn |, 

Bond Length, 

Molecule 

AB 

Angstroms 

in Angstroms 

in Angstroms 

FC1 


1.70 

1.64 

1.628 

FBr 


1.85 

1.78 

1.759 

IC1 


2.32 

2.29 

2.323 

NaCl 


2.53 

2.39 

2.361 

KC1 


2.95 

2.82 

2.667 

KI 


3.29 

3.19 

3.23 

NF a 

NF 

1.45 

1.39 

1.371 

PC1 3 

PCI 

2.09 

2.04 

2.043 

AsC1 3 

AsCl 

2.20 

2.14 

2.161 

SbCl 3 

SbCl 

2.40 

2.33 

2.325 

ch 3 f 

CF 

1.50 

1.41 

1.385 

CH 3 Cl 

CC1 

1.78 

1.75 

1 782 

CH 3 Br 

CBr 

1.93 

1.91 

1.938 

CH 3 I 

Cl 

2.12 

2.12 

2.140 

SiH 3 Cl 

SiCl 

2.16 

2.09 

2.048 

SiH 3 Br 

GeCl 

2.31 

2.25 

2 209 

GeH 3 Br 

GeBr 

2.36 

2.29 

2 297 

SnH 3 CH 3 

SnC 

2.19 

2.11 

2.143 
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should have many exceptions. There are several factors which might 
cause the length of the bond A—B to differ from the added radii of A and 
B defined as Jdj the length of the bonds A—A and B—B. At least two of 


.r A — x B 


They are 


them depend on the electronegativity difference 
the shortening of the bond caused b}' resonance of ionic and covalent 
forms and the variation caused by the difference in the sum of the effec¬ 
tive ionic radii from the sum of the covalent radii. In addition, bond- 
orbital hybridization affects electronegativity as well as covalent radius, 

and for this reason bond lengths may vary with effective electronega¬ 
tivity difference. 

For cases where | x A - x B | is about 2 or greater, as in the alkali hal¬ 
ides, the bonds are essentially ionic. The resonance energy is then 
negligible, and the deviation from the additivity rule is caused almost 
entirely by the difference in the sum of the effective ionic radii from the 
sum of the covalent radii. The application of the Schomaker-Stevenson 
rule to this type of molecule appears to have no very sound basis, and 
it is not surprising that exceptions occur. 

8.2c. Bond-Orbital Hybridization. Bond lengths are affected by 
changes in the hybridization of the orbitals forming the bonds. The 
most complete experimental evidence for this variation is with bonds to 
carbon. The earlier evidence from optical spectra and electron diffrac¬ 
tion has been amplified by a large number of structural determinations 
from microwave spectroscopy. This evidence indicates that the length 
of a bond to carbon decreases with increasing s character of the bonding 
orbital employed by the carbon. The decrease is 0.02 A in passing from 
tetrahedral orbitals (25 per cent s character) to sp 2 orbitals (33 per cent 
s character), and 0.04 A in passing from tetrahedral to sp orbitals (50 
per cent s character). It has been observed in a number of CC as well 
as CII bonds. Figure 8.1 shows a plot of some CH lengths against s 
character of the bonding orbital of C. 

The smallness of this variation is impressive. It explains why most 
large deviations from the additivity rule can be accounted for either in 
terms of fractional bond orders or of ionic character. Indeed, a large 
part of the decrease in the CH bond length in passing from saturated to 
acetylenic C may be attributed to increased ionic resonance energy 
caused by the increased electronegativity of C. There is evidence 2 ' that 
this increase in electronegativity is about 0.3. This alone should cause a 
decrease in the (41 bond length by about 0.02 A. When the atom joined 
to C has a higher electronegativity than has C, the electronegativity 
difference will be decreased, and the shortening b} r ionic character will be 
reduced rather than increased, provided that this change is not oft set by 
changes in the electronegativity of the second atom. As pointed out by 
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Duchesne, 28 there would be a tendency of the hybridization of the 
second atom to change in such a way as to increase the overlap integral. 

The most pronounced structural effects of bond-orbital hybridization 
are on bond angles. These effects have a quantum mechanical basis in 
the directed valence theories of Heitler, London, Slater, and Pauling. 
As is now well known, s orbitals have no preferred direction; p orbitals 
are mutally orthogonal; the completely hybridized sp 3 orbitals are 
tetrahedral, 109° 28' apart; complete sp 2 hybridization yields three 
orbitals which are in a plane 120° apart; and complete sp hybridization 

C 2 H 2 



Iig. 8.1. Effects of s character of C bonding orbital on the Cl I bond length. 

yields two orbitals which are 180° apart.f According to the theory of 

directed valence the bond will be formed in such a direction as to cause 

maximum overlap of the orbitals employed by the two atoms in forming 
the bond. 

The effects of directed valence are often obscured by interaction of 
non-bonded atoms. For example, the bond angles in AsIT 3 and AsF 3 
differ by 8°, whereas the nuclear coupling indicates that the As bond- 
orbital hybridization is about the same in the two molecules (see Sec. 
7.1). The larger apex angle in AsF 3 must, therefore, be caused mainly 
b.V the mutual repulsions of the electronegative fluorine atoms. Because 
energy considerations show that the bonds would be nearly p bonds, 
Pauling 29 ascribes the large deviation from 90° of the 11 2 () angle pri¬ 
marily to the repulsion of the hydrogens. In II 2 S, PII 3 , AsU 3 , and 
» s bll 3 , where, because of the large separation of the hydrogens and small 
electronegativity difference of H and M, the repulsion of the II atoms 
is small, the II—M—II angles are closer to 90°. See Fig. 8.2. That 

t For a discussion of directed valence involving d orbitals, see Pauling, reference 19, 

I). • )0. 
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some deviations from orthogonality here are caused by hybridization is 
supported by nuclear quadrupole-coupling data of Loomis and Strand- 
berg 30 which indicate about 8 per cent s character in the bonding or¬ 
bitals of As in AsH 3 . From a comparison of bond angles, the same 
hybridization, about 8 per cent, is predicted for S in H 2 S. 

Unfortunately, it is not possible, except in special cases, to make more 
than qualitative predictions about bond-orbital hybridizations from the 



Fig. 8.2. Variation of bond angle with atomic row of central atom. 

measured bond angles. In many instances more reliable assignment of 
the bond orbitals can be made from nuclear quadrupole couplings, 
but, as we have seen (Sec. 7.1), this requires a detailed knowledge of the 
ionic, character and the covalent resonance in the molecules. 


8.3. CONSIDERATION OF PARTICULAR STRUCTURES 

8.3a. Bonds to Hydrogen. Microwave spectroscopy has greatly 
extended the number of accurately measured bond lengths involving 
hydrogen. (See Table .4.9.) These new data warrant a re-examination 
of the effective radius of hydrogen in different conbinations. Pauling 19 
has assigned an average radius of 0.30 A to hydrogen; Schomaker and 
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Stevenson 20 recommend that the value of 0.37 A (one-half of the H 2 
bond length) be used with their correction, —0.09; — x 2 |, for ionic 

character in M—H bonds. Although the ionic character seems to pro¬ 
duce some shortening of M—II bonds, it does not account for all the 
decrease in the II radius on passing from II—II (o M—II bonds. The 
electronegativity differences for PI I and AsII are so small as to make 
insignificant the corrections for ionic character; yet the effective radius 
of hydrogen in these bonds is 0.05 or 0.0G A shorter than it is in 1I 2 . A 
possible explanation for this is the differences in the overlapping of the 
wave functions in M—II and II—II bonds caused by the small size of II 
as compared with M. The effect of relative size may be of significance 
in bonds of other types, but it is likely of most significance for II. By 
choosing the radius of II as 0.32 A in M—II bonds and by making a 
correction of — 0.06 \ .tm — in for ionic character, we have been able to 
obtain a fairly good over-all agreement for bonds of II with different 
elements. The results are shown in Table 8 . 6 . 


Tabic 8.6. Apparent radius of H with different atoms (in units). Upper 
figure is observed radius; f lower is calculated with r = 0.32 — 0.06 .\* M — 


B 

C 

N 

O 

F 

Si 

P 

S 

0.32 

0.30 

0.27 

0.23 

0.21 

0.33 

0.32 

0.29 

0.31 

0.30 

0.27 

0.24 

0.21 

0.30 

0.32 

0.29 

Ge 

As 

So 

Br 

Sn 

Sb 

Te 

I 

0.31 

0.30 

0.31 

0.31 

0.30 

0.27 

0.28 

0.30 

0.30 

0.30 

0.30 

0.32 

0.27 
0.29 

t The 

apparent radius of H used here for 

comparison is the 

observ 


Cl 

0.28 

0.27 


The C—II lengths in hydrocarbons are of special interest because of 
their wide occurrence. Microwave measurements bear out the earlier 
infrared evidence that the C—II bond length to a carbon in a pure, 
saturated hydrocarbon is about 1.10 A, to ethylcnic or double-bonded 
carbon about 1.07 A, and to acetylenic or triple-bonded carbon about 
1.06 A. This decrease in length is believed to result primarily from a 
shrinking of the single-bond radius of C, caused by the increasing $ 
character of its bonding orbital. The C—H bond force constant varies 
in the opposite sequence. The methyl halides have now been investi¬ 
gated with several isotopic combinations. The evidence indicates a 
small increase in d C n in passing from the iodide to the fluoride. The 
variations are in the sequence expected from the C—II stretching force 
constants, but they are on the border line of the errors caused by zero- 
point vibrations. The important result is that the variation is small 
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(~0.01 A) in the change from the iodide (electronegativity 2.45) to the 
combination with the most electronegative of all the elements, fluorine. 

An unexpected result obtained in microwave spectroscopy is that 
C—H distances in chloroform and bromoform are less than the tetra¬ 
hedral methane value and are, in fact, close to those for ethylenic carbon. 
See Table .4.9 for references. 

8.36. Halogen Bonds to C, Si, and Ge. Figure 8.3 shows the 
deviations of observed C—Hal, Si—Hal, and Ge—Hal bond lengths 
from those estimated from the Schomaker-Stevenson rule, 20 with /? = 
0.06. The extra shortening of the Si—Hal bonds over those of C—Hal 


Fig. 8.3. 



0.08 1 -i-4- 1 -1 

C Si Ge Sn 


Deviations of observed bond lengths from those calculated with the rela¬ 
tion d = r\ -F r B - 0.06 I x\ - I. 


and Ge—Hal is evidence for significant contributions from structures of 
type I. The negative charge on Si is probably more than counter- 


X 

\ 

X—Si-==(Hal)+ 

/ 

X 


i 


X 

\ + 

X—Si+ (Hal)— 

/ 

X 

II 


balanced by combined contributions from 11 so that the effective charge 
on Si is positive. Structures of type 1 would not be important in the 
carbon halides because there is no available orbital in the valence shell 
of C, and they would not be very important in Ge, and still less in Sn, 
compounds because of the decreasing tendency to form multiple bonds 
with increasing size of the atom. The dip in the dipole moments at 
SiH 3 Gl (1.87 for CH 3 C1, 1.31 for SiH 3 Cl, 2.13 for GeH 3 Cl) provides 
additional evidence for this interpretation. On the basis of electronega¬ 
tivity differences alone, one would expect the dipole moments to increase 
in the order: CH 3 C1, SiH 3 Cl, GeH 3 Cl. To estimate the amount ot 
double-bond character in the Si compounds, one must correct for the 
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abnormal length of the pure single bonds, as evidenced by the positive 
deviations of 0.02 to 0.03 A by the C and (ie bonds to (’1 and Hr. This 
indicates that the Si—Cl and Si—Hr bonds are about 0.05 or 0.00 A 
shorter than normal single bonds after the corrections for ionic character 
are made. With the Pauling rule for ir y and tt z resonating double bonds, 
this shortening indicates about 10 per cent double-bond character for 
these bonds. This type of resonance should lengthen the Si—II bonds 
in SiIl ;i (Hal), and the experimental evidence bears this out (see Table 
8.6). 

Another noticeable feature in Fig. 8.3 is the extra shortening of the 
M—F bonds in MF3II over those in MH3F. Similar effects have been 
detected in electron diffraction measurements and have been attributed 
by Pauling 19 to resonance contributions from structures of type f. 


F+ 

F- M—IT 


F 

1 


F~ 

F—M+—H 

F 

11 


()ther probable factors are the decrease in the effective radius of M caused 

by the positive charge in II and the coulomb attraction of the F atoms 
in 1. 

I he C—Cl distance in CF3CI is shorter than that in methvl chloride. 
This difference may be explained by the participation of the Cl in 
resonating structures ot type I above. The bromides show a similar 
behavior, and so do the corresponding chlorides and bromides of silicon. 
I he C— 1 bond in CF 3 I is about the same as that in CII3I. 

8.3c. Hydrides and Halides of N, P, As, and Sh. With the excep¬ 
tion ot SbF 3 and NII 3 , complete or partial structural determinations 
have been made on the hydrides, fluorides, and chlorides of X, P, As, 
and Sb. (See Table A .9.) The structures of PF 3 and AsF 3 have been 
completed with the help ol electron diffraction results, and those of PH { 
with the help ol infrared spectra. 

Figure 8.4 shows graphically the deviations of the observed lengths in 
these molecules from these calculated with the equation 


ft = r \ + >*b — 0.0b! x\ — x 


i*b 


(8.38) 


I he radius used for II is 0.32 (Table 8.5). It is seen that chlorides obey 
this rule rather precisely. There is no evidence for double-bond character 
in the chlorides. Thore is, however, evidence for double-bond character 
in PF 3 and AsF 3 , particularly in PF 3 . The fact that there is no com- 
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parable evidence for NF 3 suggests that the double-bond character is 
primarily of form I rather than of form II: 


F+ 

./ 

M—F 


F+ 

/■ 

M—F 


F 

M + —F 


F 


F 


F 


II 


III 


Contributions from III are probably greater than those from I, so that 
the charge on the more electropositive atom M is positive. This is in 
agreement with the behavior of the C, Si, and Ge series (see Art. 8.36). 



Fig. 8.4. Deviations of observed bond lengths from those calculated with the rela¬ 
tion d = r A + r B — 0.06 | x x - t b I. 


Like Si in the latter series, P shows exceptional tendency to form double 
bonds and for the same reason, i.e., the availability of the d orbitals in 
the valence shell. This tendency falls off rapidty with descending rows 
in the atomic table and has essentially vanished for the fourth-row ele¬ 
ments Sn and Sb. Only the second-row elements show a strong tendency 
to employ the d orbitals to form double bonds of this type. However, the 
tendency is still noticeable for the third-row elements, particularly when 
they are combined with first-row elements. 

The bond angles of the hydrides are plotted in Fig. 8.2. The angles 
decrease with the descent of the heavier element in the atomic table, but 
this change is not rapid except between the First and second row. This 
large decrease between N and P is certainly caused partly by the de¬ 
creasing repulsions of the hydrogens but appears to be caused partly by 
decreasing bond-orbital hybridization. Since the nuclear coupling 
indicates about 8 per cent hybridization in AsH 3 (Sec. 7.1), angle 92°, 
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the s character of the bonding orbitals of P in PH 3 , angle 93.5°, should 
be 12 to 15 per cent, and perhaps that of N in NH 3 would be 15 to 18 
per cent. Because of the large interaction of the non-bonded atoms in 
the halides and because of the large double-bond character of form 1 
above in the fluorides, little can be learned about the bond-orbital 
hybridization from their bond angles. 

8.3d. Inter-Halogens. Because of the strong tendency which has 
been found for the second-row atoms Si and P to use the 3 d orbitals of 
the valence shell to form double bonds with F—and to a moderate degree 
also the third-row elements Cle and As—one would expect (1 and Br to 
show some tendency to employ the 3 d orbital in bond formation. There 
is evidence from nuclear quadrupole couplings for small contributions of 
F + =C1~ and F + =Br — to the ground states of FC1 and FBr. The 
interatomic distances support this evidence. Figure 8.5 shows the devi¬ 
ations of the observed lengths in inter-halogen diatomic molecules from 



Fig. 8.5. 


Deviations of observed bond lengths from those calculated with the rela 

lion d = ta + ? b — 0.00 I a :a — 3*b I- 


those calculated from the additivity rule with the previously used 
correction for ionic character, —0.06| x\ — .x'b |. The observed lengths 
are shorter than those calculated only for FC1 and FBr. The deviations, 
however, are not very significant. 

Microwave measurements have shown (for references see Table A.9) 
that the inter-halogen molecule C1F 3 has the unusual structure of a “T,” 
with the Cl atom at the intersection of the “T” arms. The two C1F 
bonds forming the equal arms are 1.70 A in length, and the third (’ll" 
bond is only 1.56 A. The FC1F bond angles are nearly but not exactly 
90°. H. G. Dehmelt has suggested to us that the bonding orbitals of 
the C’l are probably one pure p and two pel hybrids. These account for 
the “T” structure and also for the Cl nuclear coupling. 

8.3e. Boron Compounds. Borine carbonyl is of special interest not 
only because of its unorthodox electronic structure but also because it 
is the simplest of a large group of carbonyls of metals. In agreement 
with electron diffraction 31 and infrared 32 results, it was found to have 
the symmetric-top configuration. 33 Its structural dimensions, listed in 
Table A. 9, have been interpreted on the basis that it consists of loosely 
coupled BH 3 and CO molecules with the BC bond order about The 
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( O length, 1.131 A, is almost identically that of free carbon monoxide, 
1.1308 A. The B—H length is that expected for a normal B to H bond 
(see Table 8 . 6 ). The H—B—H angle is about halfway between the 
tetrahedral value and that for the planar configuration which is pre¬ 
dicted for free BH 3 . 

Bromodiborane has an interesting structure which has been evaluated 
by microwave spectroscopy. (See Table A.9 for dimensions and refer¬ 
ence.) It was shown to have a h 3 r drogen-bridged structure 


Br 


H 


H 


| 

B 


B 


H 


* 

H 


H 


similai to tluit of diborane. All atoms in the molecule lie in a plane 
except the two hydrogens forming the bridge, one of which lies above and 
the other below the plane. 

8.3/. Interaction of Single and Triple Bonds. In CH 3 CCH, 
CTI 3 CN, HOCC1, and OICN a lengthening of the triple bond by about 
0.01 A over those in HCN or HCCH has been found. However, in 
H ( =C C=N there is no detectable increase in either the C=C or 
C=N bonds, though the 0—C bond which lies between is reduced from 
the normal single C—C length to 1.382 A. (Compare structures in 
Table A. 9.) This shortening, 0.10 A, is exactly twice that, 0.08 A, of the 
C ( bond adjacent to the triple bond in methyl cyanide or methyl 
acetylene. If we assume a shortening of 0.035 A per adjacent triple 
bond to be caused by the increased s character of the C (see Sec. 7.2.), 
a double-bond character of 17 per cent is indicated for the bond situated 
between the two triple bonds and 8 per cent for a C—C bond adjacent 
to only one triple bond. (This is in addition to the double-bond character 
of 11 per cent indicated for all C—C bonds by Mulliken, Rieke and 
Brown. 23 ) Thus it appears that the contribution per triple bond to the 
stability of the adjacent C—C bond is about the same in HC=C—(. 
as in CII 3 CN and CH 3 CCH. The fact that no lengthening of the triple 
bond occurs in HC=C—C=N suggests that each triple bond gains as 
much through exchange of electrons with the other triple bond as it 
loses through conjugation with the single bond. The strengthening of 
the central bond in this type of molecule can therefore be attributed 
entirely to a greater bonding efficiency of the 7 r electrons caused by their 
increased freedom of motion. It is expected both from molecular-orbital 
theory and from the covalent resonance concept that the bond of lower 
order would gain much more in stability than the energy lost by the bond 
of higher order with which it couples. 
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8.3g. Nature of Bonding of Zn, Cd, and Hg. The mercury 
methyl halides have been found by microwave spectroscopy to have 
symmetric-top configurations. 31 This is in agreement with electron 
diffraction studies 35 of Hg(Hal) 2 molecules, which show that the two 
bonds formed by divalent Hg are 180° apart. The bonding orbitals 36 
of divalent Hg are therefore most likely (1 'y/2 )$ T (1 y/2)p z and 
(1 /y/2 )s — (l/y/2 )p z . This is also true of the similar elements Zn and 
Cd which have two electrons in the outer shell. 

Table 8.7 lists the covalent radii of divalent Zn, Cd, and Hg, as de¬ 
termined from the methvl mercurv halides and other molecules with 


Table 8.7. 


Covalent radii of divalent Zn, (Id, and 11^; in 


various molecules 


Molecule 


Length, in 
angstroms 

Hg Radius,! 

in angstroms 

CH 3 HgCl 

CHg 

2.059 

1.31 


HgCI 

2.282 

1 .36 

HgClo 


2.28 t 

1.30 

I IgBio 


2.43 t 

1.35 

Hgl, 


2.01 t 

1 .32 

CdCl 2 


2.23 t 

Cd Radius f 
1.34 

CdBr, 


2.39 t 

1.34 

Cdl 2 


2.00 t 

1 .34 

Znl 2 


2.42 % 

Zn Radius f 

1 .10 


t Calculated from d A B = r A + fu — 0.0b .r A — .i'u j. 
t From electron diffraction (Allen and Sutton. Acta Cry at. 3, 40 (1950)]. 


Eq. 8.38. It is seen that the results are reasonably consistent. For the 
Hg electronegativity we have used the value 1.8 determined from the 
divalent halides by the electronegativity force-constant relation of 
Gordy. 27 The value is in good agreement with 1.7 determined by 
Ilaissinsky 37 for divalent Hg with the Pauling method. The force- 
constant relation applied to IlgH yields a significantly lower value for 
the electronegativity of Hg, and for this reason it appears that Hg forms 
a nearly pure p bond in this molecule. The effective radius of Hg in HgH 
is accordingly larger than the radius of divalent Hg. 
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9 . APPLICATIONS IN OTHER FIELDS 


9.1. ELECTRONIC APPLICATIONS 

9.1a. Spectrum-Line Frequency Stabilization of Oscillators. 

The existence of sharp spectral lines in the microwave region implies 
the possibility of using these lines as electronic control elements. The 
obvious primary application is to control the frequency of an oscillator. 
If a fraction of the power output of an oscillator is applied to a circuit 
which is resonant at a frequency u 0 , the frequency-dependent response ot 
the circuit can be used to maintain the average frequency of the oscillator 
at some definite value, which may be identical to p 0 , may be a multiple 
or sub-multiple of p 0 , or may differ from these values by a heterodyne 
frequency /. A microwave absorption cell containing a gas with a 
spectral frequency p 0 is a special example of such a resonant circuit and 
has been used to stabilize an oscillator’s frequency. 1 - 2 - 3 - 4 Simple ex¬ 
tensions of the stabilization technique allow the oscillator to be frequency 
modulated about the center frequency, and so to transmit intelligence. 

Spectral lines as frequency control elements have to compete with 
high-Q cavities and piezoelectric crystals. Both cavities and crystals 
are secondary control elements whose resonant frequencies depend on 
their physical dimensions and on the ambient temperature. The reso¬ 
nant frequencies of microwave absorption lines in gases are relatively 
independent of such factors and are easily reproduced in a wide variety 
of detection svstems. If both transmitter and receiver of a communi- 
cations system are frequency stabilized with reference to the same 
absorption line, they are sure to remain in tune. An absorption cell can 
be designed to provide a single reference frequency, or many different 
reference frequencies, according to the choice of absorbing gas. The 
spectral line widths can be easily made narrower than the response 
cu. /es of resonant cavities, and comparable with those of good crystals. 

Nuclear quadrupole lines in solids have not been observed above 
1000 Me, but some transitions are expected to fall in the microwave 
region. If these transitions are as narrow as the lines at lower fre¬ 
quencies, they may compete favorably with gas absorption lines as 
frequency control elements. They have one advantage over the sharp 
lines of gases: the lines of the solid are not saturated at moderate power 
levels. 5 
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Although it is altogether possible that quadrupole spectra in solids 
will ultimately furnish excellent frequency standards in the microwave 
region, the field is too new to permit a proper evaluation. An undesirable 
feature is an observed temperature-dependence of the resonant frequency 
(Sec. 5.3). Because the field of quadrupole spectra in solids is relatively 
undeveloped, the remainder of this section is devoted to an analysis of 
frequency stabilization by spectral lines in gases. The subject is of 
interest from its importance both as a laboratory and a potential in¬ 
dustrial technique, and as an introduction to the discussion of spectrum 
lines as primary frequency or time standards. 

The discussion in Chapter 4 of line intensities and line shapes shows 
that the apparent ultimate limitation on a spectrum line width is the 
Doppler breadth. In Art. 9.16, means of avoiding this limitation will 
be discussed. For ordinary laboratory applications, however, the 
practical limitations are pressure broadening, saturation effect, and 
physical size of equipment. An accurate knowledge of the stabilized 
frequency implies a sharp or high-Q line (Q = vq/2 Av, where 2 Av is the 
line width at half-power). A strong control signal implies a high power 
level incident on the gas, and a strong fractional absorption of the inci¬ 
dent power by the gas. Consideration of the saturation effect shows 
that these design criteria are to some extent conflicting. The line will be 
broadened and the fractional absorption decreased unless the power 
density is maintained less than the saturation limit (Sec. 4.3). Power 
densities of a few milliwatts per square centimeter are sufficient to 
saturate most electrically polar molecules if the line widths are 1 Me or 
less. Furthermore, the saturation plateau is proportional to the square 
of the line width, and hence power saturation presents a problem when 
sharp lines are used. However, this limitation can be overcome by 


proper cell design. 

Discriminator and stabilization circuit design. Stabilization circuits 
have been proposed by Smith and co-workers, 1 Hershberger, 2 and 
Fletcher and Cooke. 3 Fletcher and Cooke’s circuit will be described in 


some detail. In its simplest form, stabilization is attainable either at the 
line frequency or at a frequency differing from the line frequency by a 
fixed i-f frequency, typically 30 Me. Simple modifications in the design 


allow stabilization at any frequency, however. 

The basic stabilization circuit is shown in Fig. 9.1. A 30-Mc i-f oscil¬ 
lator is used to modulate the klystron-reflector voltage, thus frequency- 
modulating the klystron, and to provide a phasing voltage for a 30-Mc 
lock-in amplifier. The klystron output is fed into the absorption cell by 
means of a directional coupler or tee and is detected bv a crystal mixer. 
The 30-Mc component of this mixer is fed into an amplifier chain culmi- 
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nating in a 30-Mc lock-in amplifier whose output reproduces the anoma¬ 
lous dispersion line shape, and hence gives a typical discriminator output 


Stabilized 

output 



Fig. 9.1. Block diagram for frequency stabilization of a microwave oscillator on a 

spectrum line. (From Fletcher and Cooke. 3 ) 


of opposite polarity for frequency deviation above and below the line 
frequency (Fig. 9.2). This discriminator voltage is then fed to the 
reflector of the klystron in such phase as to correct for any drifts of the 



Fiu. 9.2. Output from a spectral line discriminator (N 14 H 3 3,3 line showing effects 
of satellite structure). (From Smith, de Quevedo, Carter, and Bennett. 1 ) 
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oscillator frequency. The klystron output contains 30-Mc side bands, 
which are generally not objectionable in laboratory uses. An analysis 
indicates that the circuit of Fig. 9.1 used with an absorption cell con¬ 
taining ammonia at low pressures is theoretically capable of a frequency 
stability of a few cycles per second. 

9.1b. Spectrum Lines as Primary Frequency Standards: the 
Atomic or Molecular Clock. A spectrum line Q of 100,000 makes 
possible a stabilized frequency of a few parts in 10 7 . The short-time 
stability obtainable with this Q is much higher, perhaps 1 in 10 8 . This 
accuracy, with a Q of 100,000, is not sufficiently great to compete with the 
accuracy of the mean solar day, the present quasi-primary time standard.! 
The mean solar day occasionally fluctuates by a few parts in 10 s but has 
a much smaller long-time drift. The design of a time standard based on 
the constant frequency of a spectrum line that can compete with the 
earth’s rotation as a standard is therefore not an easy problem. It 
seems more logical, nevertheless, to define the frequency of molecular 
vibrations as permanently invariant than to so define any astronomical 
motions. 

There are essential!}' three features of importance in the design of a 
molecular clock: the attainment of a very high-(? (10° to 10 7 ) spectral 
line; frequency stabilization of an oscillator by such a line; and frequency 
division to actuate clock mechanism for comparison with solar time. Of 
these problems, the third is a rather specialized technique that has been 
well engineered by the Lyons group at the National Bureau of Standards 
and will not be described here. The first two features are also under 
investigation at the Bureau and elsewhere, and indeed Lyons and his 
co-workers have actuated a clock mechanism by the ammonia 3,3 line, 
and have thereby achieved a frequency stable to about 5 parts in 10 8 over 
periods of several days. 4 Also under investigation at the Bureau are 
“clocks” based on molecular beam techniques with Cs vapor, and on the 
magnetic dipole absorption of O 2 at 5-mm wavelength. 6 

In decreasing spectrum line widths by lowering the pressure, one soon 
arrives at a limit set by the Doppler width (Eq. 4.12). Low molecular 
velocities, achieved with heavy molecules and low temperatures, mini¬ 
mize this width. 

An obvious method of circumventing the Doppler limit is the use of 
molecular beams with the beams directed across the direction of power 
propagation. A molecular beam with a collimation ratio of 10 would 
increase the Q to 10 7 . Methods of obtaining lines sharper than the 

f The sidereal year (average period of the earth’s rotation around the sun) and 
“Newtonian time” determined from the motions of a large number of astronomical 
bodies provide more accurate standards. 
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Doppler limit are described by Newell and Dicke la and by .Johnson and 
Strandberg. 76 

Once spectrum line Q ’s of 10' are actually attained, it appears that 
ultimately a spectrum-line frequency standard may be made stable to a 
few parts in 10 <J . When this is accomplished it is probable that such a 
standard will become a primary, rather than a secondary, frequency 
standard. 

9.1c. Absorption Lines as Secondary Frequency Standards. In 

the development of microwave spectroscopy, the frequencies of new 
spectral lines are being determined to an increasing extent by inter- 
comparison with known lines. This technique is particularly useful in 
laboratories where reception of standard WWY frequency broadcasts 
is poor. Furthermore, the apparatus used is relatively inexpensive (see 
Sec. 1.6). The list of lines measured to accuracies of 100 kc or better 
already covers the frequency range between 19,000 Me and 130,000 Me 
with few gaps greater than 1000 Me. In many regions known lines 
are clustered at intervals of less than 100 Me. Some of the known fre¬ 
quencies are accurate to better than 20 kc. 

Any table of known microwave frequencies is likely to become obsolete 
as soon as it is published. Certain molecules, however, have already 
become useful as secondary frequency standards. The most convenient 
coverage of the 20,000- to 30,000-Mc region is afforded by the rich and 
strong N 14 II 3 inversion spectrum. The series of O 10 C 12 S 32 lines, har¬ 
monic except for a known centrifugal distortion effect, gives convenient 
frequency standards at the highest obtainable frequencies. The absence 
of quadrupole splittings and the small value of the line-breadth pa¬ 
rameter, Ay = 6 Mc/mm, render this series of lines particularly im¬ 
portant. Other linear and symmetric-top molecules yield similar, 
almost harmonic, series of lines. The constants required for calculation 
ol the rotational frequencies in these molecules are listed in the Appendix, 
Table A A. Asymmetric-top molecules will probably become the most 
convenient standards in known regions, however, since they have the 
richest spectra. Unfortunately, as yet relatively few such spectra have 
been measured accurately over wide-frequency regions. Tables of micro- 
wave spectra are published by the Bureau of Standards. 8 The Landolt- 

Bornstein 9 tables contain a complete list of spectra published through 
1950. 

9.Id. The Stabilization of Magnetic Fields. Whereas most 
microwave spectral lines are relatively insensitive to magnetic fields, the 
frequencies ot transitions in paramagnetic substances are primarily 
determined by the magnetic field. Some of the paramagnetic absorptions 
in solids and liquids are only a few megacycles (or less than 0.1 gauss) 
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in width (C hapter 5). If a sample of such a paramagnetic substance is 
placed in the field of an electromagnet or a permanent magnet with a 
small auxiliary electromagnet winding, and a portion of the output of a 
microwave oscillator is passed through the sample, the detected output 
from the sample will vary with changes in either magnetic field or fre¬ 
quency. If the oscillator frequency is stabilized, the variations in de¬ 
tector response arising from fluctuations in the magnetic field can be 
used to regulate the current in the magnet in such a fashion as to stabilize 
the magnetic field. The application is similar to the stabilization of 
magnetic fields by nuclear magnetic resonance spectra. 10 


9.2. APPLICATIONS TO ASTRONOMY 

In contrast to laboratory experiments where only absorption spectra 
have been observed in the microwave region, only emission spectra have 
so far been observed from astronomical sources. Both continuous and 
line spectra have been observed. The sole example of line spectra found 
to date is the 1420-Mc hydrogen emission line reported by Ewen and 
Purcell,' ,Ia and by Muller and Oort. 116 This line originates from an 
extended source in the vicinity of the galactic center, as evidenced by a 
variation of Doppler shift during the time of observation. It has a 
temperature difference of 40° ± 5°C with respect to the continuous 
background, and it has a width of 80 kc. 

The continuous emission spectrum may be treated as black-bodv 
radiation corresponding to a temperature T. If a microwave antenna is 
focused on a source whose angular aperture is large as compared with 
the beam width of the antenna, the antenna is effective^ within an in¬ 
closure whose walls are at the source temperature. Lender these con¬ 
ditions, the power available at the input terminals of a receiver, and in 
the frequency interval Av, is kT Av. This noise may be compared with 
that arising from a standard noise source, as is done in Dicke’s microwave 
radiometer; 12 or it may be compared with a line emission in the same 
frequency region, as done b} T Ewen and Purcell. 1,a If the antenna beam 
width is larger than the angular aperture of the noise source, the receiver 
power will be less than kT Av of the noise source by a calculable 
ratio. 13 

If the source were an ideal black body, the observed temperature 
would be independent of the frequency at which the observations are 
made. Such is not the case for microwave and radio-frequency obser¬ 
vations, however, and it is precisely this variation ot “effective tem¬ 
perature” with frequency that is one of the most interesting features ot 
astronomical observations at microwave and radio frequencies. 
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The most extensive microwave astronomical measurements are on the 
temperature of the sun. They bridge the gap of earlier optical measure¬ 
ments which yielded an apparent solar temperature of 6000° K, and 
radio-frequency measurements giving apparent solar temperatures 
ranging from 125,000° at 25 cm to about 1,000,000° at 200 cm. 14 ' 15 
These radio-frequency measurements give the temperature of the 
“quiet” sun—even larger bursts of noise are associated with sun-spot 
activity. The earliest microwave measurements were those of South- 
worth 16 whose value of 10,000° at 3.2 cm compares favorably with later 
measurements, although his measurements at 1.25 cm and 10 cm ap¬ 
pear to be too low. Other values are (>740° at 0.85 cm (Hagen 13 ), 11,000° 
at 1.25 cm (Dicke and Beringer 17 ), and 25,000° to 58,000° at 10 cm 
(McCready, Pawsey, and Payne-Scott, 4 and Covington 1S ). Hagen 13 
has interpreted these results on the basis of a variation in electron tem¬ 
perature and density with height in the sun’s photosphere. The sun’s 
emission radiation in the optical and millimeter-wave regions originates 
at or near the visible surface of the sun, whereas the longer wavelength 
radiation apparently originates in the photosphere. Dicke and Ber- 
inger’s observation 17 (during an eclipse), that the apparent diameter 
of the sun at 1.25 cm is the same as in the optical region, is a confirmation 
of the similarity of many optical and millimeter-wave observations of 
solar properties. On the other hand, Hagen 13 reports excess noise 
bursts at 0.85 cm, accompanying sun-spot activity which, in the visible 
region, appears as centers of decreased light emission. Hagen’s reso¬ 
lution of 0.2° at 8.5 mm was achieved by using a 10-foot diameter 
paraboloidal cast-aluminum reflector built by the U.S. Naval Research 
Laboratory. With this parabola, he was able to map the regions of the 
sun giving rise to excess millimeter-wave noise, and to show that these 
regions corresponded to visible sun spots. 

Except for Ewen and Purcell’s sharp-line observation, microwave data 
on galactic radiation are negative in nature, i.e., the radiometer is not 
sufficiently sensitive to delect the continuous radiation. These negative 
observations yield an upper limit of 20° K for the galactic radiation at 
1.25 cm. 19 Radio-frequency observations, on the other hand, show 
apparent milky-way temperature increasing with increasing wavelength 
from about 150° K at 500 Me to 100,000° at 10 Ale. The frequency 
behavior of the galactic noise temperature is thus qualitatively similar 
to that for the sun, only displaced to longer wavelengths, llerbstreit 20 
has summarized these data and I he present indecisive state of t he theorv 
on the origin of cosmic noise. 
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9.3. ANALYSES 

I he remarkably high resolution attainable in the microwave spectra 
of molecules immediately suggests the use of microwave spectroscopes 
in chemical and isotopic analyses. As examples of special fields of appli¬ 
cation, microwave analysis has already been used to follow the exchange 
reactions between NH 3 and D 2 on an iron catalyst 21 and in the deter¬ 
mination of the half-life 22 of Cl 36 . Analyses of N 15 in normal and 
isotopically enriched ammonia have been performed 23 but not applied 
to a particular problem. Undoubtedly such stable isotope tracer 
analyses will become standard techniques of biochemical investigations 
in the future. Although the present discussion will be restricted to the 
gaseous phase, the possiblilities of analysis of condensed samples should 
not be overlooked. (See Chapter 5.) 

One immediately obvious limitation for analysis in the gaseous phase 
is that the compounds must have a vapor pressure (about 10~ 3 mm of 
Mg) at the operating temperature of the spectrometer. Progress in 
high-temperature cell design is currently proceeding at such a rapid 
pace 21 that it is pointless to set a specific limit; nonetheless, it is obvious 
that volatile compounds will always be the easiest with which to work. 

A second limitation is that the molecule must have a dipole moment, or, 
more strictly, a transition moment. (R. M. Talley and A. H. Nielsen 
suggest the possibility of observing vibration-rotation transitions in 
C 2 D 2 in the microwave region. 25 Rending vibrations of some long-chain 
molecules can also be expected to fall in the microwave region.) 

9.3a. Isotopic Analysis. In the microwave branch of spectroscopy, 
there is virtual^ no difference between the problems of chemical analysis 
and isotopic analysis. The spectrum of C1 35 CN, for instance, is as easily 
distinguished from C1 37 CN as it is from CH 3 OII or any other molecule. 
This is because the frequencies of the rotational spectra found in the 
microwave region are inversely proportional to the moments of inertia 
of the molecules, and hence these frequencies vary in a very direct 
fashion with changes of isotopic mass. There are, of course, exceptional 
cases where the isotopic substitution occurs very near the mass center of 
the molecule, but these cases are rare. Furthermore, it is always possible 
to find some other molecule in which the mass differences of the nucleus 
in question do give adequate separation of the spectra. 

To utilize microwave spectroscopy for isotopic analysis, it is necessary 
to synthesize suitable molecules containing the isotopes. For instance, 
analysis of N 15 in N 14 -N 15 mixtures is most conveniently performed with 
NH 3 . (In chemical analysis it is common practice to convert the nitro¬ 
gen in most nitrogen compounds to NH 3 by the Kjeldahl method.) 
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The limitation is more severe than with conventional mass spectroscopes 
where a variety of volatile compounds can be used to provide ionized 
elements or radicals for analysis. Background and impurity effects for 
microwave spectrometers are quite different from those for conventional 
mass spectroscopes. In the microwave type there is no background 


caused by other nuclei or radicals of the same mass, such as Oil and O 17 , 
for instance. Impurities in a microwave spectrograph can only lower 
the sensitivity somewhat, but they will not change the measured-mass 
ratio. All the common elemental constituents of biochemical compounds 
can be converted into molecules suitable for microwave analysis. Since 
the main application for isotopic analysis is that of stable isotope tracers 
for organic chemistry or biology, the relative inexpensiveness of a micro- 
wave spectroscope may be expected to make it an important research 
tool in these fields. 

The design of a spectrograph for mass analysis is not fundamentally 
different from the design of any other spectrograph. It is necessary that 
all the components be well engineered since breakdown of various parts 
will often change the calibration of the instrument. A special problem 
is the necessity of engineering a convenient means of degassing the 
cell between different sample runs. These problems have all been 
investigated at the Oak Ridge National Laboratory, where N l0 and 
C 1 ' 1 analyses were performed with NIL* and C’IC’N, respectively. 23 
With the spectrograph used, it was possible to measure isotope ratios 
in the range of 1 in 200 to 1 in 10 parts, to an accuracy of 1 per cent, 
using an experimentally determined calibration curve. No doubt in¬ 
dustrial engineering of microwave spectrometers will further improve 
the accuracy while simultaneously achieving more compact instruments. 

In addition to its potential use in stable isotope analysis, the small 
number of molecules needed for a microwave analysis make it ideallv 
suited to investigations of radioactive isotopes. A good example is the 
determination of the concentration of (T* c in a given sample, a measure¬ 
ment which was used in tlie determination of the half-life of this isotope. 22 

9.3 b. Chemical Analysis. Although the possible applications of 
microwave spectroscopy in chemical analysis are numerous, they are not 
unlimited. Many chemicals are unsuited to its use because they are 
non-polar or unsatisfactory in some other way. However, the many 
chemicals whose spectra have been identified already, and the many 
others potentially identifiable, are obvious candidates for chemical 
analyses. For these chemicals, microwave spectroscopy offers a simple 

. specific absorption frequencies. Usually a listing of 
only three frequencies serves to identify a particular chemical uniquely; 
it is particularly well adapted to qualitative analysis. A conservative 
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estimate of the spectral space available for chemical identification in the 
range of 20,000 Me to 220,000 Me is to allow % Me for resolution of 
each line. With this criterion, 600,000 spaces are available. 

One limitation on the use of microwave spectroscopy for analysis is 
the sensitivity obtainable. The usual Stark-spectrometer sensitivity, 
10 cm , for instance, allows detection of a gas of peak absorption 
I0~ 6 cm -1 in a dilution of at most 100 to 1. On the other hand, a 
possibly obtainable sensitivity of 10~ 10 cm -1 allows detection of N 14 H 3 
Oo = 8 X 10~ 4 cm -1 ) in a dilution of approximately 1 part in 10 million. 
Since microwave spectrometers operate at very low pressures, they are 
ideal for measuring very small samples. Less than 1 micromole (of a 
pure sample) is necessary for a qualitative analysis. The sample is not 
altered by the process of analysis (except for the possibility of incidental 
decomposition) and may often be recovered. 

The problems of quantitative analysis of chemical compounds are 
somewhat more difficult than those of isotopic analysis. A preferential 
adsorption on the surfaces of the absorption cell may be expected from 
components of gas mixtures. D. F. Smith 26 has used a technique of 
plotting observed spectral intensities as a function of time, after letting 
the sample into a well-degassed cell. Logarithmic extrapolation to zero 
time gives the initial intensities. A by-product of the experiment is 
data on relative adsorption in gas mixtures. 

A second difficult problem in quantitative analysis is the variation in 
line-breadth parameter with composition of the gas mixtures (Sec. 4.2). 

If integrated intensities of absorption rather than peak intensities are 
compared, the absorption is independent of the line-breadth parameter. 
(This precaution is less important in isotopic analysis, although Weber 27 
has reported a difference of about 10 per cent in the NH 3 line widths for 
NH 3 —NH 3 collisions as compared to NH 3 —NH 2 D collisions.) For 
further discussions of chemical analysis see papers by Dailey, 28 Coles, 29 
and Hughes. 30 
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APPENDIX 


Table .4.1. Fundamental physical constants and conversion factors f 

h = 6.623773 ± 0.000180 X 10 -27 erg see 

N = 6.025438 =k 0.000107 X 10’- >:< molecules per mole 

c = 299790.22 ± 0.86 km sec” 1 

k = 1.3802565 ± 0.0000615 X 10 -16 erg deg" 1 

0 (Bohr magneton) = 0.92712031 =t 0.0000219 X 10 -20 erg gauss -1 

0i (nuclear magneton) = 0.505038 ± 0.000036 X 10“ 23 erg gauss -1 . 

1 a.m.u. = 1.65963 ± 0.00003 X 10 -24 gm 


t Taken from “A Least-Squares Adjustment of the Atomic Constants as of 
December, 1950,” a report to the National Research Council Committee on 
Constants and Conversion Factors of Physics, by Jesse \V. M. DuMond and 
E. Richard Cohen (California Institute of Technology). 


Tabic .1.2. Isotopic abundances, masses, and moments 


Isotopes are listed with the atomic number Z in the first column and the mass number A in the third 
column. A few radioactive elements which do not occur naturally are included. These are indicated 
by dots in the abundance column. Masses and abundances are taken from the isotope chart com¬ 
piled by E. Segrd [taken from The Science and Engineering of Nuclear Pouer, Vol. II (Addison-Wesley 
Press, Inc., Cambridge, Mass., 1049)], and are brought up to date from current literature as indicated 
by references. Those masses not listed may be estimated from the Bohr-Wheeler formula, 



A - 0.00081 Z - 0.00G11 A + 0.014 A% + 0.083 



4- 0.000G27Z 2 .4 - M + 5 


where 6 = 0 for A odd, 6 = — 0.036A~?-» for both A and Z even, and 6 = 0.030A~/4 for A even and 
Z odd (as quoted by M. G. Mayer and E. Teller, Phys. Rev. 70, 122G (1949)). 

Nuclear spins, magnetic moments, and quadrupolc moments were obtained from a table compiled 
by J. E. Mack [Rees. Modern Phys. 22, G4 (1950)], and revised by P. F. A. Klinkenberg [Revs. Modern 
Phys. 24, 03 (1952)] with more recently determined values substituted or added. Where newer values 
are used the sources are indicated by references, except those for microwave spectroscopy, for which 
references are given in Table A. 7. 

For brevity, limits of error have been omitted. The last figure given is always uncertain, and where 
there are several digits, as in masses and magnetic moments, the uncertainty usually enters the next 
to the last figure. 
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Table A. 2. Isotopic abundances, masses, and moments —Continued 
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(0) 



11 

Na 

22 t 

• • • • 

22.0014 n 

3 

1.74582 




23 

100 

22.99618 

n 

2.21711 




24 f 

• • • • 

23.998G n 

4 



12 

Mg 

24 

78.41 

23.9924 

(0) 





25 

10.18 

24.9938 

56 

-0.8552 




20 

11.41 

25.9898 

(0) 



13 

Al 

27 

100 

2G.9899 

(56) 

3.6408 

0.156 

14 

Si 

28 

92.27 

27.9866 

(0) 





29 

4.G8 

28.9866 

(H) 

( — 0.55538) 




30 

3.05 

29.9832 

(0) 



15 

P 

31 

100 

30.9843 

>/6 

1.13165 


1G 

s 

32 

95.1 

31.98199 a 

0 





33 

0.74 

32.98187 a 

56 

0.6436 

-0.08 



34 

4.2 

33.97890 a 

(0) 





35 t 

• • • • 

34.98046 a 

56 


0.06 



3G 

0.01G 

35.97954 " 

(0) 



17 

Cl 

35 

75.4 

34.97867 

56 

0.82191 

-0.07894 



36 t 

• • • • 


2 


-0.0168 



37 

24. G 

36.97750 

56 

0.68414 

- 0.06213 

18 

A 

3G 

0.35 

35.9780 

(0) 





38 

0.081 

37.974 






40 

99.57 

39.9756 

(0) 



19 

K 

39 

93.38 

38.9747 

56 

0.391 




40 t 

0.012 

39.97G0 

4 

-1.291 




41 

G.G1 

40.97466 

56 

0.215 


20 

Ca 

40 

9G. 92 

39.9753 

(0) 





42 

0.G4 

41.9711 






43 

0.132 

42.9723 






44 

2.13 

43.9692 ° 






4G 

0.0032 







48 

0.179 
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Table A. 2. Isotopic abundances, masses, and moments —Continued 



Ele¬ 


Abundance 

z 

ment 

A 

(%) 

21 

Sc 

45 

100 

22 

Ti 

40 

7.95 



47 

7.75 



48 

73.45 



49 

5.51 



50 

5.34 

23 

\' 

50 

0.24 



51 

99.70 

24 

Ci 

50 

4.31 



52 

83.75 



53 

9.55 



54 

2.38 

25 

Mn 

55 

100 

20 

Fe 

54 

5.81 



50 

91 .008 



57 

2.20 



58 

0.33 

27 

Co 

59 

100 

28 

Ni 

58 

G7.70 



GO 

20.10 



01 

1 .25 



02 

3.00 



04 

1 . 10 

29 

Cu 

03 

09.0 



05 

31 .0 

30 

Zn 

04 

48.9 



00 

27.8 



07 

4.1 



08 

18.0 



70 

0.0 

31 

(«a 

09 

01.2 



71 

38.8 

32 

tic 

70 

21.2 



72 

27.3 



73 

7.9 



74 

37.1 



70. 

G.5 

33 

As 

7 5 

100 

31 

S.* 

71 

0.87 



i 0 

9.1 )2 



i i 

i .. >8 



78 

79 i 

23.52 



80 

49.82 



82 

9.19 


Mass 


Magnetic 

Moment 

(nuclear 

(a.m.u.) 

Spin 

magnetons) 

44.9009 

h 

4.757 

45.90097 b 

46.90008 b 

47.90317 b 

48.90358 b 

49.90077 6 

49.90330 c 

6 


50.90052 b 

•t 

> J 

(-4)5. 1478 

49.90210 h 

51.95707 h 

52.95772 h 

4 » 

(-10.45 

53.9503 6 

54.95581 b 

$2 

3.4081 

53.9504 b 

55.95272 b 

50.95359 b 


-*-0 

57.9520 b 


h 

4.0484 

57.95345 b 

59.94901 b 

00.94907 b 


~0 

01.94081 b 

03.94755 b 

02.94920 b 


2.22017 

64.94835 b 

92 

2.3845 

03.94955 b 

(0) 


05.94722 b 

(0) 


00.94815 b 

92 

0.8737i 

07.94680 b 

(0) 


09.94779 b 

08.955 


2.0107 

70.953 

✓ • 

2.5014 

09.9447 e 

(0) 


71.9430 c 

(0) 


73.9426« 

92 

(0) 


75.9433 e 

(0) 


71.9432 * 

9 2 

1.4387 

73.9439 ' 

(Ol 


75.9423 >' 

on 


70.9440 >' 

• P 

().5333 

77.9423 >' 

(0l 


79.9430 >’ 

Vi 

0 


81 .9458 >’ 

(0) 



Quadrupole 

Moment 


(10 24 crn 2 ) 


-0. 13 
- 0.12 


0.2318 
0. NU1 


- 0.2 


0.3 
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Table A. 2. Isotopic abundances, masses, and moments— Continued 



Ele¬ 


Abundance 

z 

ment 

A 

(%) 

35 

Br 

79 

50.56 



81 

49.47 

36 

Kr 

78 

0.34 



80 

2.23 



82 

11.50 



83 

11.48 



84 

57.02 



86 

17.43 

37 

Rb 

85 

72.8 



86 f 

• • • • 



87 

27.2 

38 

Sr 

84 

0.55 



86 

9.75 



87 

6.96 



88 

82.74 

39 

Y 

89 

100 

40 

Zr 

90 

48.0 



91 

11.5 



92 

22.0 



94 

17.0 



96 

1.5 

41 

Cb 

93 

100 


(Nb) 



42 

Mo 

92 

15.85 



94 

9.12 



95 

15.7 



96 

16.5 



97 

9.45 



98 

23.75 



100 

9.65 

43 

Tc 

99 1 

• • • • 

44 

Ru 

96 

5.68 



98 

2.22 



99 

12.81 



100 

12.70 



101 

16.98 



102 

31.34 



104 

18.27 

45 

Rh 

103 

100 

46 

Pd 

102 

0.8 



104 

9.3 



105 

22.6 



106 

27.2 



108 

26.8 



110 

13.5 


Mass 


Magnetic 

Moment 

(nuclear 

(a.m.u.) 

Spin 

magnetons) 

78.94438 1 

H 

2.10576 

80.94228 * 

H 

2.2696 

77.945 

81.939 

(0) 



n 

-0.9704 

83.938 

(0) 


85.939 

(0) 


84.931 r 


1.3532 


2 

(-1.68) 

86.930 r 

3 A 

2.7501 



(0) 



n 

-i.i 


(0) 



h 

-0.14 

89.9318 * 

a 

-1.1 '* 



9S 

6.1659 


(0) 


93.9343 * 

(0) 


94.946 

•5 2 

-0.9140 

95.944 

(0) 


96.945 

>2 

- 0.9332 

97.943 

(0) 


99.9386 * 

(0) 




5.6805 ’ 

95.945 



97.943 



98.944 



99.942 


M »V 9 = 

100.946 

y,t 


101.941 




102.941 

H 

(-)O.ll 

101.941 



103.941 



104.942 

OS) 

(-0.6) 


105.941 

107.941 

109.941 


Quadrupole 
Moment 
(10~ 24 cm 2 ) 

0.335 « 
0.280 q 


0.15 


~0 
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Table A. 2. Isotopic abundances, masses, and moments —Continued 



Ele¬ 


Abundance 

z 

ment 

A 

(%) 

47 

Ag 

107 

51.9 



109 

48.1 

48 

Cd 

106 

1.2 



108 

0.9 



110 

12.4 



111 

12.7 



112 

24.1 



113 

12.3 



114 

28.9 



116 

7.6 

49 

In 

113 

4.23 



115 

95.77 

50 

Sn 

112 

0.9 



114 

0.61 



115 

0.35 



116 

14.07 



117 

7.54 



118 

23.98 



119 

8.62 



120 

33.03 



122 

4.78 



124 

6.11 

51 

Sb 

121 

57.2 



123 

42.7 

52 

Te 

120 

0.09 



122 

2.43 



123 

0.85 



124 

4.59 



125 

6.97 



126 

18.71 



128 

31.85 



130 

34.51 

53 

1 

127 

100 



129 t 

• • • • 

54 

Xe 

124 

0.094 



126 

0.088 



128 

1.90 



129 

26.23 



130 

4.07 



131 

21.17 



132 

26.96 



134 

10.54 



136 

8.95 

55 

Cs 

133 

100 



134 t 

• • • • 



135 t 

• • • • 



137 t 

• • • • 


Mass 


Magnetic 

Moment 

(nuclear 

(a.m.u.) 

Spin 

magnetons) 

106.945 

A 

-0.111 

108.944 

H 

-0.129 

105.9398 u 

107.9386 u 

109.9386 u 

0 


110.9398 u 

H 

- 0.59492 

111. 9388 11 

(0) 


112.9406 u 

H 

-0.62238 

113.9400 u 

(0) 


115.9420 u 

(0) 


112.9404 u 

5:* 

5.486 

114.9404 u 

9 A 

5.500 

111.9407 u 

113.9394 u 

114.940 

A 

-0.91779 

115.939 

0 


116.937 

A 

- 0.99982 

117.937 

(0) 


118.938 

Vi 

- 1.04600 

119.937 

(0) 


121.945 

123.944 


56 

3.360 


7 A 

2.547 

119.9429 M 

121.9419 u 

122.9437 u 

A 

-0.73579 

123.9428 11 

124.9446 11 

H 

-0.88705 

125.9427 * 

(0) 


127.9471 * 

(0) 


129.9467 e 

(0) 


126.9453 u 

56 

2.8090 


7 A 

2.6181 


A 

-0.777 

Vi 

i 

0.700 

(0) 


(0) 


(0) 


V 

2.5771 

4 k 

2.96 k 

V 

2.7271 

Vi 

2.8397 


Quadrupole 
Moment 
(10 24 cm 2 ) 


1.144 
1.161 


~ — 0.5 
~ — 0 . 6 


-0.7 
— 0.5 


-0.15 


<0.3 
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Table A.2. Isotopic abundances, masses, and moments— Continued 



Ele¬ 


Abundance 

Mass 

z 

ment 

A 

(%) 

(a.m.u.) 

56 

Ba 

130 

0.101 




132 

0.097 




134 

2.42 




135 

6.59 




136 

7.81 

135.9488 9 



137 

11.32 

136.9502 « 



138 

71.66 

137.9498 e 

57 

La 

138 f 

0.089 




139 

99.9 

138.953 

58 

Ce 

136 

0.19 




138 

0.25 




140 

88.48 

139.9489 e 



142 

11.1 

141.9537 8 

59 

Pr 

141 

100 


60 

Nd 

142 

27.1 




143 

12.2 




144 

23.9 

143.9560 c 



145 

8.3 

144.962 



146 

17.2 

145.962 



148 

5.7 

147.962 



150 

5.6 

149.9687 8 

62 

Sni 

144 

3.0 




147 

16.1 




148 f 

14.2 




149 

14.1 




150 

11.6 




152 

20.7 




154 

18.9 


63 

Eu 

151 

47.77 




153 

52.23 


64 

Gd 

152 

0.21 




154 

2.14 

153.971 



155 

14.86 

154.971 



156 

20.61 

155.972 



157 

15.66 

156.973 



158 

24.75 

157.973 



160 

21.77 

159.974 

65 

Tb 

159 

100 


66 

Dy 

158 

0.1 




160 

0.1 




161 

21.1 




162 

26.6 




163 

24.8 




164 

27.3 




Magnetic 

Moment 

Quadrupole 

Spin 

(nuclear 

Moment 

magnetons) 

(10- 24 cm 2 ) 


(0) 


U 

0.834G 

(0) 


3 A 

0.9351 

(0) 


7 A 

2.7760 


A 

4.5938 


7 A 

-1.0 

<25 

7 A 

-0.65 

<25 


7 A 

(-0.32) 

( 7 A ) 

(-0.26) 



3.6 

1.2 


1.0 

2.5 


| ~0.3 | '* 
h | ~0.25 | h 



67 Ho 165 10U 
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Table A. 2. Isotopic abundances, masses, and moments —Continued 


Magnetic 

Moment Quadrupole 



Ele¬ 


Abundance 

Mass 


(nuclear 

Moment 

z 

ment 

A 

(%) 

(a.m.u.) 

Spin 

magnetons) 

(10 -24 cm 2 

68 

Er 

162 

0.1 







164 

1.5 







166 

32.9 







167 

24.4 


7 A 

0.6 

1 10.2 | 



168 

26.9 







170 

14.2 





69 

Trn 

169 

100 


A 



70 

Yb 

168 

0.06 







170 

4.21 







171 

14.26 



0.45 




172 

21.49 







173 

17.02 


*6 

-0.65 

3.9 



174 

29.58 







176 

13.38 





71 

Lu 

175 

97.5 


7 A 

2.9 

5.9 



176 t 

2.5 


>7 

4.2 

t 

72 

Hf 

174 

0.18 







176 

5.30 

175.9923 e 






177 

18.47 


04. 34) 





178 

27.10 

177.9936 e 

(0) 





179 

13.85 


Oi. H) 





180 

35.11 

180.0029 * 

(0) 



73 

Ta 

181 

100 

181.0031 * 

7 A 

2.1 

6 

74 

W 

180 

0.135 







182 

26.41 

182.0033 e 

(0) 





183 

14.40 

183.0059 * 

y 





184 

30.64 

184.0052 e 

(0) 





186 

28.41 


(0) 



75 

Re 

185 

37.07 


h 

3.1714 

(2.8) 



187 

62.93 


*4 

3.2039 

2.6 

76 

Os 

184 

0.018 







186 

1.59 







187 

1 .64 







188 

13.3 







189 

16.1 

189.04 


0.7 




190 

26.4 

190.03 






192 

41.0 

192.04 




77 

Ir 

191 

38.5 

191.04 

3 A 

>0 




193 

61.5 

193.04 

•V, 

# •• 

>0 


78 

Pt 

192 

0.8 







194 

30.2 

194.039 

(0) 





195 

35.3 

195.039 

1 

/ 

0.60592 




196 

26.6 

196.039 

(0) 





198 

7.2 

198.05 




79 

Au 

197 

100 

197.04 

H 

0.23 
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Table A.2. Isotopic abundances, masses, and moments —-Continued 



Ele¬ 


Abundance 

z 

ment 

A 

(%) 

80 

Hg 

196 

0.15 



198 

10.1 



199 

17.0 



200 

23.3 



201 

13.2 



202 

29.6 



204 

6.7 

81 

T1 

203 

29.46 



205 

70.54 

82 

Pb 

204 

1.3 



206 

25.15 



207 . 

21.11 



208 

52.38 

83 

Bi 

209 

100 

89 

Ac 

227 f 

• • • • 

90 

Th 

232 f 

100 

91 

Pa 

231 f 

• • • • 

92 

U 

234 t 

0.00518 



235 t 

0.719 



238 f 

99.274 

93 

Np 

237 f 

• • • • 




Magnetic 

Moment 

Mass 


(nuclear 

(a.m.u.) 

Spin 

magnetons) 


0 



w 

0.50413 


(0) 



H 

-0.5590 


(0) 



(0) 


203.05 

H 

1.61166 

205.05 

H 

1.62750 

204.05 

(0) 


206.05 

(0) 


207.05 

H 

0.58950 

208.0416 1 

(0) 


209.0466 1 


4.082 


H 


232.1093 m 

n 


234.1129 m 

(A, 7 A) 


238.1241 m 

A 



Quadrupole 
Moment 
(10~ 24 cm 2 ) 


0.5 



t Radioactive. 

° S. Geshwind and R. Gunther-Mohr, Phys. Rev. 81, 882 (1951). 

6 T. L. Collins, A. O. Nier, and W. H. Johnson, Jr., Phys. Rev. 6G, 408 (1952). 
c W. H. Johnson, Jr., Phys. Rev. 87, 166 (1952). 
d S. S. Dharmatti and H. E. Weaver, Phys. Rev. 86, 927 (1952). 

e H. E. Duckworth, C. K. Kegley, J. M. Olson, and G. S. Stanford, Phys. Rev. 88, 1114 (1951). 
f S. S. Dharmatti and H. E. Weaver, Jr., Phys. Rev. 86, 259 (1952). 

* K. Ogata, Phys. Rev. 76, 200 (1949). 
h S. Suwa, Phys. Rev. 86, 247 (1952). 

* K. G. Kessler and W. F. Meggers, Phys. Rev. 80, 905 (1950). 

1 H. Walchli, R. Livingston, and W. J. Martin, Phys. Rev. 86, 479 (1952). 
k V. Jaccarino, B. Bederson, and H. H. Stroke, Phys. Rev. 37, 676 (1952). 

1 P. I. Richards, E. E. Hays, and S. A. Goudsmit, Phys. Rev. 86, 630 (1952). 
m G. S. Stanford, H. E. Duckworth, B. G. Hogg, and J. S. Geiger, Phys. Rev. 86, 1039 (1952). 
n C. W. Li, Phys. Rev. 88, 1038 (1952). 

° T. L. Collins, A. O. Nier, and W. H. Johnson, Jr., Phys. Rev. 84, 717 (1951). 

p Determined from the relative masses given by S. Geschwind, H. Minden, and C. H. Townes 
I(PAl/s. Rev. 78, 174 (1950)] and the absolute mass of Se 74 . 

0 J. G. King and V. Jaccarino, private communication. 

r E. E. Hays, P. I. Richards, and S. A. Goudsmit, Phys. Rev. 84, 824 (1951). 

• H. E. Duckworth, R. S. Preston, and K. S. Woodcock, Phys. Rev. 79, 188 (1950). 

1 J. H. E. Griffiths and J. Owen, Proc. Phys. Soc. ( London) 65, 951 (1952). 
u R. E. Halsted, Phys. Rev. 88, 666 (1952). 
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Table A. 3. Molecular quadrupole moments obtained from microwave 

collision diameters 



b X 10 8 (cm) 




C?Mol 

Mole¬ 

Kinetic 

b X 10 8 (cm) from NH 3 3,3 Line 

(10“ 26 

cule 

Theory 


Broadening 


esu)f 


Bib. Ref. 

: 405 

639, 726 771 

750 

i 

n 2 

4.09 

6.4 

5.54 


1.5 X 

0 2 

4.02 

4.85 

3.86 4.18 

4.02 

4.31 

<0.55 § 

NO 

3.90 


5.64 


1.4 

CO 

3.96 


5.97 


1.6 

C0 2 

4.40 


7.59 


3.1 

COS 



7.56 


2.9 

cs 2 



7.72 


3.1 

n 2 o 

4.35 


7.32 

(11.2 

110.7 

4.4 X 

HCN 



10.0 


7.7 

C1CN 



11.9 


11.5 

c 2 h 2 



8.79 


5.3 

c 2 h 4 

4.79 


6.67 


2.3 

c 2 h 6 

4.86 


5.64 


<1.3 

t Values of Qm<>i for the 

rotating 

molecules. 




\ Average of experimental values is used here to calculate Qm<>i- 
§ The value b = 4.18 X 10~ 8 cm, which is considered to be most reliable, 
is used to obtain the upper limit for Qm q i- 
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Table A. 5. Molecular dipole moments from the Stark effect in microwave 


Linear Molecules 


Mole¬ 

Vibrational 

Dipole Moment 

Bibliography 

cule 

State 

(Debye units) 

Reference 

FCl 

Ground 

0.88 ± 0.02 

519, 627 

FBr 

Ground 

1.29 

681 

BrCl 

Ground 

0.57 dh 0.02 

682 

IC1 

Ground 

(0.65 d= 0.06) t 

459 

OCS 

Ground 

0.710 ± 0.004 

675, 760 


V'i = 1 

0.700 ± 0.004 

675 

OCSe 

Ground 

0.754 

553 


Vl = 1 

0.728 

553 


V<i — 1 

0.730 

553 

HCN 

Ground 

' 3.00 rb 0.02 

b 


V2 = 1 

2.957 ± 0.025 

674 

C1CN 

Ground 

2.802 d= 0.020 

677 

n 2 o 

Ground 

0.166 ± 0.002 

677 

HCCC1 

Ground 

0.44 ± 0.01 

559 

IICCCN 

Ground 

3.6 ± 0.2 

691 


Symmetric-Top Molecules 




Bibliog¬ 



Bibliog¬ 



raphy 



raphy 


Dipole Moment 

Refer¬ 


Dipole Moment 

Refer¬ 

Molecule 

(Debye units) 

ence 

Molecule 

(Debye units) 

ence 

nii 3 

1.468 d= 0.009 

708 

CH 3 Br 

1.797 ± 0.015 

677 

ph 3 

0.55 ± 0.01 

736 

CH 3 I 

1.647 ± 0.014 

677 

AsH 3 

0.22 ± 0.02 

736 

ch 3 cn 

3.95 db 0.06 

620, b 

SbH 3 

0.116 =fc 0.003 

736 

ch 3 nc 

3.83 ± 0.06 

b 

nf 3 

0.234 ± 0.004 

b 

ch 3 cf 3 

2.321 d= 0.034 

677 

pf 3 

1 .025 ± 0.009 

677, b 

CHjCCII 

0.75 db 0.01 

b 

AsF 3 

2.815 =h 0.025 

677 

CH 3 SnII 3 

0.68 d= 0.03 

735 

pof 3 

1.77 ± 0.02 

664, b 

cf 3 cch 

2.36 db 0.04 

760a 

SiH 3 F 

1.268 =fc 0.013 

668 

SiH 3 Cl 

1.31 

515, 516 

SiH 3 Br 

1.31 ± 0.03 

667 

SiF 3 H 

1.26 d= 0.01 

b 

GeII 3 Cl 

2.13 

515 

BH 3 CO 

1.795 db 0.010 

552 

Trioxane 

2.08 d= 0.01 

701 


1.770 d= 0.010 

552 

chf 3 

1.645 d= 0.009 

760 


(excited vib. 


ch 3 f 

1.790 ± 0.015 

b 


state) 


ch 3 ci 

1.869 ± 0.010 

677 

B 5 H 9 

2.13 d= 0.04 

815 
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Table A.5. 

Molecular dipole moments from the Stark effect in 

microwave 


spectroscopy 

— Continued 



Asymmetric-Top Molecules 








Bibliog¬ 


• 



raphy 


Pa t 

Pb t 

Pc t 

Refer¬ 

Molecule 


(Debye units) 


ence 

H 2 0 

0 

1.94 ± 0.06 

0 

418 

d 2 o 

0 

1.87 ± 1% 

0 

c 

HDO 

0.64 ± 1% 

1.70 ± 1% 

0 

550, 453 

HDS 

1.02 ± 0.02 

— 

0 

727 

o 3 

0 

0.53 ± 0.02 

0 

a 

S0 2 

0 

1.59 ± 1% 

0 

710 

ch 2 f 2 

0 

1.93 

0 

829 

ch 2 ci 2 

0 

1.62 

0 

d 

ch 2 o 

2.339 ± 0.013 

0 

0 

760 

ch 2 co 

1.42 ± 0.01 

0 

0 

821 

ch 2 f 2 

0 

1.93 

0 

829 

ch 2 ci 2 

0 

1.62 ± 0.02 

0 

d 

ch 2 och 2 

1 1 

0 

1.88 ± 0.01 

0 

711 

ch 2 sch 2 

1.84 ± 0.02 

0 

0 

711 

ch 2 cf 2 

1.366 ± 0.02 

0 

0 

542 

Furan 

0.661 ± 0.006 

0 

0 

764a 

so 2 f 2 

0.228 dh 0.004 

0 

0 

809 

NOF 

1.70 

0.62 

0 

738 

NOC1 

1.28 ±0.04 

— 

0 

751 

HNCO 

1.592 ± 0.010 

— 

0 

762, 760 


1.620 ± 0.015 § 

— 


762 


1.760 ± 0.015 || 

■ ■ — 

0 

762 

DNCO 

1.619 ± 0.015 

— 

0 

762 

HNCS 

1.72 ± 0.05 

— 

0 

607 

hn 3 

0.847 ± 0.05 

— 

0 

601 

ch 3 sh 

1.26 ± 0.05 

— 

0 

758 

ch 3 oh 

0.895 (along C—O bond) 


409 

CHoCHCN 

3.68 

1.25 

0 

e 


f Estimated from intensities. 

t Components of dipole moments along the principal axes a , b, c. 

§ Dipole moment for a low-frequency bending vibration. 

|| Dipole moment for a high-frequency vibration. 

(a) R. Trambarulo, S. N. Ghosh, C. A. Burrus, and W. Gordy (to be pub¬ 
lished). 

(b) S. N. Ghosh, R. Trambarulo, and W. Gordy (to be published). 

(c) C. I. Beard and D. R. Bianco, J. Chem. Pliys. 20, 1488 (1952). 

( d ) R. J. Myers and W. D. Gwinn, J. Chem. Phys. 20, 1420 (1952). 

(e) W. S. Wilcox, J. H. Goldstein, and J. W. Simmons (private communica¬ 
tion). 
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Table A. 6. Nuclear quadrupole couplings 

From Microwave Spectra of Gases 


Linear Molecules and Symmetric Tops 


Nu¬ 



Bibliography 

cleus 

Molecule 

(Me) 

Reference 

B 10 

BH 3 CO 

3.4 ± 0.1 

631, 690 

B 11 

BH3CO 

1.55 zb 0.08 

631, 524 

N 14 

NO 

-1.7 zb 0.5 

608 


N 2 0 

-1.03 db 0.10 (end) 

448 


n 2 o 

— 0.27 (central) 

304 


C 1 CN 

-3.63 ± 0.1 

458, 341 


BrCN 

-3.83 =b 0.08 

458 


1 CN 

-3.80 

448 


HCN 

-4.58 zb 0.05 

679 


HCCCN 

-4.2 

691 


nh 3 

-4.10 dh 0.02 

428, 446, 772 


nf 8 

-7.07 dh 0.10 

673 


CH3CN 

-4.35 ± 0.20 

644 


CF S CN 

-4.70 

838 


CH 3 NC 

< 0.51 

644 


CH3NH2 t 

< 1 1 

420 


IiNCO t 

2.00 zb 0.05 

762 


HNCS t 

1.2 =b 0.2 

762 


hn 3 t 

-4.67 =b 0.04 (end) 

834 

O 17 

OCS 

-1.32 =b 0.07 

718, 810 

S 33 

OCS 

-29.07 zb 0.01 

456, 807 

S 35 

OCS 

20.5 ± 0.2 

773, 510 

Cl 35 

FC 1 

-146.0 db 0.1 

627, 519 


Bid 

-103.6 =fc 0.15 

682 


IC1 

-82.5 =fc 1 

459 


G1CN 

-83.2 =b 0.5 

458, 44!) 


HCCC 1 

- 79.67 

559 


CH3CI 

-75.3 

422, 52S 


CD3CI 

-74.41 

837 


CF3CI 

-78.0 zb 0.2 

512 


SiH 3 Cl 

-40.0 

444 


SiF 3 Cl 

-43 

759 


GeH 3 Cl 

-46 =b 1 

557 


OeFaCl 

<50 

705 


CH 3 HgCl 

-42 

a 

Cl 36 

C1CN 

-18 

555 


CII 3 C1 

-15.87 =b 0.09 

729a, 718a 

Cl 37 

PCI 

- 114.89 zb 0.13 

627, 519 


BrCl 

-81.14 zb 0.15 

682 



364 


APPENDIX 


Table A. 6. Nuclear quadrupole couplings— Continued 


Nu¬ 

cleus 


eQ 


d 2 V f 


Molecule 


dz 2 

(Me) 


Bibliograph}' 

Reference 


CF 

C1CN 

— 65.7 dr 0.5 

458, 449 


HCCC1 

-62.75 

559 


DCCC1 

-63.12 

559 


CHsCl 

-59.03 

422, 528 


CD 3 C1 

-58.58 

837 


CF 3 CI 

-61.4 ± 0.4 

512 


SiH 3 Cl 

-30.8 

444 


SiF 3 Cl 

-34 

759 


GeH 3 Cl 

-36 db 1 

557 


CH 3 HgCl 

33 

a 

Mn 65 

Mn0 3 F 

16.8 

817 

Ge 73 

GeH 3 Cl 

-95 ±3 

557 

As 75 

AsH 3 (AsH 2 D) 

-164 

736 


AsF 3 

-235 

411 


AsC1 3 

-173 ±20 

731 

Se 79 

OCSe 

754 ±3 

813 

Br 79 

FBr 

1089.0 

681 


BrCl 

876.8 ± 0.9 

682 


BrCN 

686.06 ± 0.45 

458, 449, 845 


CH 3 Br 

577.3 

545, 422 


CD 3 Br 

574.6 

837 


CF 3 Br 

619 

838 


SiH 3 Br 

336 

543 


SiF 3 Br 

440 

759 


GeH 3 Br 

380 

667 


CHsCCBr 

647 

S3 9 


CHsIIgHr 

325 

a 

Br 81 

FBr 

909.2 

681 


BrCl 

732.9 ± 0.5 

682 


BrCN 

572.27 ± 0.09 

458, 449, 845 


CH 3 Br 

4S2.4 

545, 422 


CD 3 Br 

479.8 

837 


CF 3 Br 

517 

838 


SiH 3 Br 

278 

543 


SiF 3 Br 

370 

759 


GeH 3 Br 

321 

667 


CHaCCBr 

539 

839 


CH 3 HgBr 

270 

a 

Sb 121 

SbH 3 

455 

736 

Sb 12 * 

SbH 3 

575 

736 
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Table A. 6. Nuclear qtiadrtipole couplings —Continued 


Nu¬ 


n d*V t 
eQ 

Bibliography 

cleus 

Molecule 

(Me) 

Reference 

J127 

IC1 

- 2930 ± 4 

459 


ICN 

- 2420 zb 1 

401, 449 


CH 3 I 

-1934 

422 


cd 3 i 

-1929 

S3 7 


cf 3 i 

-2150 

838 


ch 3 cci 

- 2230 

839 


SiH 3 I 

-1240 zb 30 

s 

J129 

ch 3 i 

-1422 

531 

Re 185 

Re0 3 Cl 

—775 

801 

Re 187 

ReOaCl 

—775 

801 


A sym rn etric To ps 


„a*v r § 

eQ W 

n d*r ? 
e Q , 

dc- 

Bibliog- 

Nu¬ 

r) a 2 r§ 

eQ do? 

raphy 

Refer¬ 

cleus Molecule 

(Me) 

(Me) 

(Mc) 

ence 

N 14 N0 2 F 

0.7 

1.5 

-2.2 

841 

ch 2 chcn 

-3.0 

— 

— 

b 

Cl 35 C1F 3 

-81 

-65 

146 

S40 

CIi 2 Cl 2 

-41.8 zb 1 

2.6 =b 1 

39.2 ± 1 

c 

CHoCIiCl 

-57.4 

26.2 


522 

CH 2 CFC1 

-73.3 ± 0.3 

39.8 zb 0.2 


613 

NOC1 

29.9 db 1.0 

19.6 ± 2.0 

-49.5 zb 1.0 

751 

Cl 37 NOC1 

23 db 5 

14 zb 9 

-37 zb 6 

751 

Hr 79 C 2 H 3 Br 

469 =b 5 

-219 zb 3 


708a, 621 

B 2 H 5 Br 

293 



621 

Br 81 C 2 H 3 Br 

393 ± 5 

-181 ± 3 


708a, 621 

B 2 II 5 Br 

244 



621 

I 127 C 2 H 3 I 

1 650 ± 50 

800 ± 80 


750a 

From Pure Quadrupole Spectra in 

Solids 




d 2 V If 



Nu- 


*** 

T 

Refer¬ 

°leus Molecule 

(Me) 

(° K) 

ence 

B‘° B(CH 3 ) 3 


10.15 


d|| 

B(C 2 H 5 ) 3 


10.42 


d || 

B(CH 3 ) 3 


4.87 


d || 

B(C 2 H 5 ) 3 


5.00 


d II 

N 14 (CH 2 )oN 4 


4.40 

300 

« II 
« 1 

HI 

BrCN 


3.28 

297 

ICN 


3.39 

300 



300 


APPENDIX 


Nu¬ 

cleus 

Cl 35 


Table A. 6 . Nuclear quadrupole couplings- 

-Continued 


From Pure 

Quadrupole Spectra 

in Solids 




n d*v 

eQ dz 2 

If 

T 

Refer¬ 

Molecule 


(Me) 


(°K) 

ence 

Cl 2 

108 

.95 


20 

/ 

C1F 3 

149 

.9 


20 

840 

CH 3 CI 

08 

.40 


20 

/ 

CH 2 C1 2 

72 

.47 


20 

/, g 

CHCla 

76 

.98 


20 

/, g 

CC1 4 

81 

.85 


20 

f 

CHF 2 C1 

70 

.50 


20 

f 

CF 3 C 1 

77. 

.58 


20 

f 

CF 2 BrCl 

77, 

.35 


20 

f 

CHFC1 2 

73, 

.53 


20 

f 

cf 2 ci 2 

78, 

.16 


20 

f 

cfc 1 3 

79. 

,63 


20 

f 

trans-CHC\CUC\ 

70. 

960 ± 0 

. 006 

83 

h, i 

ds-HCClCMCl 

70. 

0 


20 

l 

c 6 h 5 ci 

69. 

24 


80 

g 

SOCU 

63. 

99 


80 

g 

POCI 3 

57. 

92 


80 

g 

CH 3 CCI 3 

76. 

3 


20 

1 

ch 3 chci 2 

71. 

2 


20 

1 

CH 3 CH 2 C 1 

66 . 

0 


20 

1 

(CH 3 ) 2 CHC1 

64. 

1 


20 

1 

(CH 3 ) 3 CC1 

62. 

3 


20 

1 

CC 13 CC 13 

81. 

6 


20 

1 

CC 13 CHC 12 

79. 

9 (-CC1,) 

20 

1 


77. 

7 (—CHClo) 

20 

1 

CH 2 C1CH 2 C1 

68. 

9 


20 

1 

ch 3 ch 2 ch 2 ci 

66. 

4 


20 

1 

C 2 H5(CH 3 ) 2 CC1 

61. 

9 


20 

1 

ch 2 cichcich 2 ci 

69. 

7 


20 

1 

ch 2 fci 

67. 

6 


20 

1 

c 6 h 5 ch 2 ci 

67. 

3 


77 

1 

Sncu 

48. 

2 


77 

1 

SiCl 4 

40. 

8 


77 

1 

(ieCl, 

51. 

3 


77 

1 

PC1 3 

52. 

3 


77 

1 

AsCl 3 

50. 

5 


20 

1 

BC1 3 

43.: 

2 


77 

1 

SbCla 

40.: 

2 


77 

1 

HC1 

53. 

4 


20 

1 

COC12 

71.: 

3 


77 

1 

FC1 

141.* 

4 


20 

m 

CH 2 CHCI 

67 ± 2 



?i 

CHoCICOOH 

73. 

15 


Ext. to 0 

0 
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Table A.6. Nuclear 

<1 uadriipole couplings — Continued 






eQ 

a 2 r 

11 



Nu¬ 




dz 2 

• 1 

T 


Refer 

cleus 

Molecule 



(Me) 

(° K) 


ence 

Cl 35 

CH 2 C1C00C 2 H 6 


72 

.50 


Ext. to 

0 

0 


ch 2 cicoch 2 ci 


72 

.46 


Ext. to 

0 

o 


(CH 2 C1CH0 ) 3 


71 

.55 


Ext. to 

0 

o ^ 


CHjCICOCH, 


70 

.98 


Ext. to 

0 

o u-' 


CH 2 C1C0NH 2 


70 

.06 


Ext. to 

0 

0 ' 


CH 2 ClCOONa 


70 

.00 


Ext. to 

0 

0 


CC1 3 CH(0H ) 2 

* 

[76 

179 

. 68 ] 

.25] 

• 

Ext. to 

0 

0 


cci 3 conh 2 


79 

.11 


77 


0 


cci 3 cooh 


80 

.25 


77 


0 


CC1 3 C0C1 


167 
[80 

.441 

.81] 


77 


0 


CHClsCOOII 


76 

.79 


77 


0 

Cl 37 

CH 2 C1 2 


56 

.73 


77 


g 


chci 3 


60 

.34 


77 


g 


fra n s-C IICICIIC1 


55 

.926 ± 0.006 83 


h, i 


c 6 h 5 ci 


54 

. o7 


77 


g 


SOCl 2 


50 

.43 


77 


g 


POCl 3 


45 

.65 


77 


g 


SbCl 3 


30 

.23 


83 


r 

Cu 63 

Cu 2 0 


52. 

.04 


289 


V 


K[Cu(CN) 2 ) 


66 , 

.96 


289 


V 

Cu 65 

Cu 2 0 


48. 

16 


289 


V 


K[Cu(CN) 2 ) 


61. 

96 


289 


V 

As 75 

As 4 ( )g 

232. 

52 


292.5 


g 

Sb 121 

SbCl 3 

383. 

66 


83 


r 

8 b 123 

SbCl 8 

481). 

21 


83 


r 

Br 7 * 

1 1 r 2 

/ 

'65 



83 


• 

J 


CH 8 Br 

- 

t 

>28. 

90 . 

± 0 . 

06 83 


• 

l 

Br 81 

Br 2 

C 

>39 



83 


• 

7 


CH 3 Br 

441. 

82 ± 0 . 

06 83 


• 

l 

[ 127 

h 

21 

53 



300 


k 


IC1 

3037 



90 


k 


ICN 

2549 



300 


k 


ch 3 i 

17 

'53 



90 


k 


/rans-CIIIOIII 

1847 



90 


k 


Snl 4 

1363 



300 


k 

Bi 209 

Bi(CcII 5 ) 3 

669 



300 


t 
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Notes to Table A. 6. 

t In the coupling eQ(d 2 V/dz 2 ), the axis z is the symmetry axis (except for 
molecules marked j) and is sometimes designated in the literature by V zz , 
<p zz , or simply q. 

t These molecules are nearly symmetrical, and the couplings along the near 
axis of symmetry are given. 

§ In the coupling constants, a, b, c, are the principal axes of the molecule’s 
momental ellipsoid such that I a < h < / c . The quantities d 2 V/da 2 , etc., are 
frequently written in the literature as V aa , etc. 

|| Calculated from the frequencies when cylindrical s} r mmetries are assumed. 

If Only the magnitudes of the nuclear quadrupole couplings are obtained 
from the quadrupole spectra. Quantities listed in the third column represent 
the average couplings. The z axis is taken as the symmetry axis (or the bond 
axis for asymmetrical molecules). In papers by Dehmelt and Kruger d 2 V/dz 2 
is denoted by <p zz . For atoms with a spin of % axial symmetry is assumed. 

(a) W. Gordy and J. Sheridan (to be published). 

( b ) W. S. Wilcox, J. H. Goldstein, and J. W. Simmons (private communica¬ 
tion). 

(c) R. J. Myers and W. D. Gwinn, J. Chem. Phys. 20, 1420 (1952). 

( d ) H. G. Dehmelt (private communication). 

(e) G. D. Watkins and R. V. Pound, Phys. Rev. 85, 1062 (1952). 

if) R. Livingston, J. Chem. Phys. 19, 1434 (1951). 

(< 7 ) R. Livingston, Phys. Rev. 82, 289L (1951). 

( h ) H. G. Dehmelt and H. Kruger, Naturwiss 37, 111 (1950). 

i i ) II. G. Dehmelt and H. Kruger, Z. Physik 129, 401 (1951). 

(j) H. G. Dehmelt, Z. Physik 130, 480 (1951). 

(k) H. G. Dehmelt, Naturwiss 37, 398 (1950). 

(/) R. Livingston (private communication). 

(m) R. Livingston and D. F. Smith (private communication). 

in) J. H. Goldstein and R. Livingston, J. Chem. Phys. 19, 1613 (1951). 

( o) H. C. Allen, Jr. (private communication). 

(p) H. Kruger and U. Meyer-Berkhout, Z. Physik 132, 171 (1952). 

iq) H. Kruger and U. Meyer-Berkhout, Z. Physik 132, 221 (1952). 

(r) H. G. Dehmelt and H. Kruger, Z. Physik 130, 385 (1951). 

(s) A. H. Sharbaugh, G. A. Heath, L. F. Thomas, J. Sheridan, Nature 171, 
87 (1953). 

(t) H. G. Robinson, H. G. Dehmelt, and W. Gordy, Phys. Rev. (in press). 
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Table A. 7. Nuclear moments from microwave spectra 



Bibliog- 


Bibliog¬ 



Spin, raphy 

Quadrupole 

raphy 

Magnetic 


I in Refer- 

Moment, 

Refer¬ 

Moment, 

Atom 

h/2ir ence 

Q in 10 -24 cm 2 

ence 

n in n.m. 

B 10 

3 421, 690 

+0.06 

631 


B 11 

H 421 

+0.03 

631 


N 14 

(1) t 

+0.02 

556 




+0.01 

673 


O 17 

m t 718 

-0.005 ± 0.002 

718 


o 18 

0 743 




g33 

Vi 456 

-0.08 

556 

0.63 ± 0.01 

g35 

H * 510 

+0.06 

510 


Cl 36 

Vi '311,317 

(-0.066) X 

458 


Cl 36 

2 555 

-0.0172 ± 0.0004 

555 



729a 

-0.0168 ± 0.0001 

729a 


Cl 37 

H 341, 317 

(-0.052) t 

458 


Cu 63 

m t 

-0.12 7 ± 0.01 

709P, 703P 


Cu 66 

m t 

-0.11? ± 0.01 

709P, 703P 


Ge 73 

Vi 557 

-0.2 ± 0.1 

557 


Se 79 

Vi 813 

+ 1.2 

813 


Br 79 

m t 

+0.28 

458 




+0.31 

722 


Br 81 

m t 

+0.23 

458 




+ 0.26 

722 


Sb 121 

m t 

— 0.35 to — 0.50 

736 


Sb 123 

( 7 A) t 

-0.45 to - 0.62 

736 


J127 

m t 

-0.75 

458 




-0.65 

722 


1129 

Vi 531 

-0.47 

531, 

(2.72) X 




722 


Nd 143 

Vi 609P 

<S25 

609P, 

1.4 




720P 


Nd 146 

Vi 609P 

<25 

609P, 

0.85 




720P 


Sm 147 

Vi 802 P 

| <0.72 | 

802P, 

0.68 dr 0.1 




805P 


Sm 149 

Vi 8021* 

| <0.72 | 

802P, 

0.55 dr 0.1 




805P 


Eric? 

Vi 715P 

| 10.2 | a 

715P, 

0.6 




720P 


y5o 

6 809a P, 6 




Cr 63 

Vi 708a P 



0.5 d= 0 1 


Spins Indicated by Absence of Hyperfme Structure 





Bibliography 



Spin Indicated 

Reference 



Si 29 

M 

557, 668 



Si 30 

0 

557, 668 



g3i, 36 

0 

458, 534 



GO 70 ' 72. 74. 76 

0 

557 



Se 74 -76. 78. 80. 

82 0 

553 



Se 77 

Yi 

553 



t Spin previously known. 

+ More accurate values than these are now known from measurements of other types. 
“ B °K ,e * UufTus. arid Scovil, Proc. Phye. So/. ( London) A66, 761 (1952). 

J. M. Buker and B. Bleaney, Proc. Phya. Soc. (London ) 66, 952 (1952). 


Bibliog¬ 

raphy 

Refer¬ 

ence 


623 


523 

609P, 

720P 

C09P, 

720P 

802P, 

805P 

802P, 

805P 

715P, 

720P 

802a P 
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Table A. 8. Mass ratios from microwave spectroscopy 


Molecules 


Mass Ratio 

Bibliography 

Reference 

FC 

Cl 36 

Cl 37 

= 0.945977 dz 0.000004 

519 

IC1 

Cl 35 

Cl 37 

= 0.945980 ± 0.000005 

459 

C1CN 

Cl 37 

Cl 36 

- Cl 35 

— Cl 35 ~ i*9968 

768 

• 

OCS 

oo 

o o 

- o 16 

_ Q17 = 1-00420 

534 

SiH 3 Cl 

Si 30 ■ 
Si 30 • 

= 0.49941 ± 0.00005 

- Si 28 

716 


ocs 




ocs 


OCSe 


OCSe 


OCSe 


OCSe 


GeH 3 Cl 


GeH 3 Cl 


S 33 - 

S 32 

S 34 - 

S 32 

S 35 - 

S 32 

S 34 - 

S 32 " 

S 35 - 

S 32 

s 33 - 

S 32 - 

g 36 _ 

S 34 

S 34 - 

S 32 

Se 76 - 

- Se 74 

Se 80 - 

- Se 74 


0.500714 ± 0.00003 

1.50155 db 0.00015 

2.99881 db 0.00030 

1.00183 dr 0.00015 

= 0.33308 


Se 77 - Se 76 
Se 80 - Se 77 


0.33394 


Se 78 - Se 76 
Se 80 - Se 78 


0.99935 



Ge 72 - Ge 70 
Ge 74 - Ge 72 


0.99911 


Ge 76 - Ge 70 
G 76 - Ge 72 


2.9976 



534 




a 





(a) Values compiled by Townes 768 from data of Strandberg, Wentink, and 
Hill 563 and from Geschwind, Minden, and Townes . 626 
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Table A. 9. 

Mol ecu 

lar structures fro 

rn microw 

avc spectra 



Diatomic Molecule* 





r e 


Bibliography 



Molecule 

(A) 


Reference 



CO 

1.128227 


628 



FC1 

1.62811 


519, 627 



FBr 

1.759 


681 



BrCl 

2.138 


682 



IC1 

2.323 


459 



NaCl 

2.3606 dr 0.0003 

844 



CsCl 

2.9041 =fc 0.0003 

844 




Linear Polyalo 

mic Molecules 







Bibliography 

Molecule 

Bond Distance (A) 

Bond Distance (A) 

Reference 

HCN 

CH 

1.064 

CN 

1.156 

679, 833 

C1CN 

CC1 

1.629 

CN 

1.163 

449, 458 

BrCN 

CBr 

1.790 

CN 

1.159 

449, 458 

ICN 

Cl 

1.995 

CN 

1.159 

449 

NNO 

NN 

1.126 

NO 

1.191 

304, 511 

OCS 

CO 

1.1637 

CS 

1.5584 

554, 558, 773 

OCSc 

CO 

1.1588 

CSc 

1.7090 

553 

TeCS 

TeC 

1.904 

CS 

1.557 

836 

HCCC1 

CH 

1.052 

CC 

1.211 

559 


CCI 

1.632 




HC—C—CN 

CH 

1.057 

C=C 

1.203 

691 


C-C 

1.382 

CN 

1.157 




Symmetric Tops 




Molecule 

Bond Angle 

Bond 

1 Distance (A) 

Bond 

1 Distance (A) 

BH 3 CO 

HBH 

113° 52' 

BH 

1.194 

BC 

1.540 

B 6 Ii 9 



CO 

1.131 





BB 

1.80 ± 0.01 

BB 

1.69 =t 0.02 

(C< v symmetry) 


(ring) 


(ring-apex) 

ch 3 f 

HCH 

110 e 0' 

CH 

1.109 ± 0.010 

CF 

1.385 

CH 3 CI 

HC1I 

110° 20' rfc 1° 

CH 

1.103 rfc 0.010 

CCI 

1.782 =fc 0.003 

CH.iBr 

HCH 

110° 48' rfc r 

CH 

1.101 ± 0.010 

CBr 

1.938 zt 0.003 

Cl I d 

HCH 

110° 58' dr 1° 

CH 

1.100 dr 0.010 

Cl 

2.140 rfc 0.005 

CHaCN 

HCH 

109° 8' 

CH 

1.092 

CC 

1.460 




CN 

1.158 



C11 ;i NL'C 

HCH 

109"46' 

CH 

1.094 

CN 

1.427 

ch 3 c=ch 



NAC 

1.167 



HCH 

108° 14' 

CH 

1.097 (methyl) 

CC 

1.460 

CH 3 C==CBr 



C=C 

1.207 

=CH 

1.056 

HCH 

(109° 49') 

CH 

(1.092 ± 0.01) 

CC 

1.46 rfc 0.02 

CH:,C=CI 



C=C 

(1.207 ± 0.004) 

CBr 

1.793 rfc 0.005 

ll< 'll 

(109° 49') 

CH 

(1.092) 

CC 



1IVyll 

(1.459) 

CH., (’Fa 



C=C 

(1.207 d- 0.004) 

Cl 

1.991 

HCH 

1109° 28') 

CH 

(1.093) 

CC 

(1.54) 

Cll.dX’b 

FCF 

(109°) 

CK 

(1.33) 



HCH 

(109° 28') 

CH 

(1.093) 

CC 

1 .55 

Cl IF;, 

CICC1 

(110° 24') 

CC! 

(1.767; 



FCF 

108° 48' 

CII 

1.098 

CF 

1.332 

CliCl 3 

C1CC1 

110° 24' 

CH 

1.073 

CCI 

1.767 

CHlJrj 

BrCBr 

110° 48' rfc 16' 

CH 

1.068 d= 0.010 

CBr 

1.930 dr 0.003 


Bibliog¬ 

raphy 

Refer¬ 

ence 

(531 

815 

520 ' 
422, 547, 
744 

422, 680 
422, 547 
644 

644 

688 

672, 839 
672, 839 

412 

811 

811, 520 
689, 811 
694; a 
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Table A, 9. Molecular structures from microwave spectra —Continued 


Symmtlric Tops—Continued 









Bibliog¬ 








raphy 








Refer¬ 

Molecule 

Bond Angle 

Bond Distance (A) 

Bond Distance (A) 

ence 

CFsCl 

FCF 

(108°) 

CF 

1.328 

CC1 

1.740 

512, 838 

CF 3 Br 

FCF 

(108°) 

CF 

1.33 

CBr 

1.908 

666 , 838 

CF 3 I 

FCF 

(108°) 

CF 

(1.33) 

Cl 

2.134 

838 

CF 3 CN 

FCF 

(108°) 

CF 

1.335 

CC 

1.464 

838 




CN 

(1.158) 




CF 3 CeeCH 

FCF 

107.5° ± 1.0° 

CF 

1.335 ± 0.01 

CC 

1.464 ±0.02 

760a, 




CH 

1.056 ±0.005 

C=C 1.201 ±0.002 

702 

cf 3 sf 6 

FCF 

(107°300 

CF 

(1.35) 

CS 

1.86 

825 


FSF 

(90°) 

SF 

(1.57) 




CH 3 SnH 3 

HSnH 

(109°280 

SnH 

1.700 ±0.015 

SnC 

2.143 ±0.002 

735 


HCH 

(109°280 

CH 

(1.090) 




CH 3 HgCl 

HCH 

109° 7' 

CH 

(1.092) 

CHg 

2.059 

632; c 




HgCl 

2.282 




CH 3 HgBr 

HCH 

(109° 70 

CH 

(1.092) 

CHg 

2.07 

632; c 




HgBr 

2.406 




(CH 3 ) 3 CC1 

HCH 

(109° 280 

CH 

(1.093) 

CC1 

1.78 

693 


CCC 

(109°280 

CC 

(1.54) 




(CH 3 ) 3 CBr 

HCH 

(109°280 

CH 

(1.093) 

CBr 

1.94 

693 


CCC 

(109°280 

CC 

(1.54) 




(CH 3 ) 3 CI 

HCH 

(109° 280 

CH 

(1.093) 

Cl 

2.14 

693 


CCC 

(109° 280 

CC 

(1.54) 




CH 2 OCH 2 OCH 2 O 

COC 

(109°) 

CO 

1.41 



701 

1 _ 1 

OCO 

(109°) 






l-bromo.bicyclo- 

(All angles tetrahedral) or 

C-Br 

(1.939) 

C-C 

1.555 ±0.003 

832 

[ 2 , 2 , 21 octane 

if BrC(CH 2)2 twisted 

O-H 

( 1 . 10 ) 




CsHisBr 

11.3° 

with respect to 







CH(CH 2 ) 



C-C 

1.573 

832 

SiH 3 F 

HSiH 

( 111 °± 1 °) 

SiH 

1.503 ± 0.036 

SiF 

1.593 ±0.003 

668 

SiH 3 Cl 

HSiH 

110° 57' 

SiH 

1.50 

SiCl 

2.048 

444, 515 

SiH 3 Br 

HSiH 

O 

0 

SiH 

1.57 ±0.03 

SiBr 

2.209 ±0.001 

543 

SiHCl 3 

ClSiCl 

109° 26' 

SiH 

(1.50) 

SiCl 

2.02 

b 

SiF 3 H 

FSiF 

108° 6 ' ± 30' 

SiF 

1.561 ± 0.005 

SiH 

(1.55 ±0.05) 

759 

SiF 3 Cl 

FSiF 

(108° 30' ± 1°) 

SiF 

1.560 ±0.005 

SiCl 

(1.989 ± 0.018) 

759 

Si^Br 

FSiF 

(108°30'± 1 °) 

SiF 

1.560 ±0.005 

SiBr 

(2.153 ±0.018) 

759 

SiF 3 CH 3 

FSiF 

(109° 280 

SiF 

(1.555) 

SiC 

1.88 

759 


HCH 

(109° 28') 

CH 

( 1 . 10 ) 




S 1 CUCH 3 

ClSiCl 

(109°460 

SiCl 

2.017 

SiC 

1.891 

b 


HCH 

(109°280 

CH 

(1.093) 




GellsCl 

HGeH 

111° 4' 

GeH 

1.52 

GeCl 

2.147 

515 

GeHaBr 

HGell 

112 ° 0 '± 1 ' 

GeH 

1.55 ±0.05 

GcBr 

2.297 ±0.001 

667 

GeF 3 Cl 

FGeF 

107.7°± 1.5° 

GeF 

1.688 ±0.017 

GeCl 

2.067 ±0.005 

705 

nh 3 

HNH 

107° ± 2° 

NH 

1.016 ± 0.008 



772 

nf 3 

FNF 

102° 9' 

NF 

1.371 



673 

ph 3 

HPH 

93.5° 

PH 

1.419 



736 

pf 3 

FPF 

( 100 °) 

PF 

1.535 



520. 848 

PC1 3 

C1PC1 

100 ° 6 ' ± 20 

PCI 

2.043 ±0.003 



646 

pof 3 

FPF 

102.5° ± 2° 

PF 

1.52 ±0.02 

PO 

1.45 ± 0.03 

848 

POCl 3 

C1PC1 

103.6° ± 2° 

PCI 

1.99 ±0.02 

PO 

1.45 ±0.03 

848 

psf 3 

FPF 

100.3° ±2° 

PF 

1.53 ± 0.02 

PS 

1.87 ± 0.03 

848 

pscb 

Cl PCI 

100.5° ± 1° 

PCI 

2.02 ± 0.01 

PS 

1.85 ±0.02 

848 

AsH 3 

HAsH 

92.0° 

AsH 

1.523 



736 

AsF 3 

FAsF 

(100° ± 5°) 

AsF 

1.712 ± 0.006 



411 

AeCIs 

ClAsCl 

98° 25'±30' 

AsCl 

2.161 ± 0.004 



646 

SbH 3 

HSbH 

91.5° 

SbH 

1.712 



736 

SbCl 3 

CISbCl 

99.5°± 1.5° 

SbCI 

2.325 ±0.005 



731 

RcOaCl 

ORcO 

108° 20 ' ± 1 ° 

ReO 

1.761 ± 0.003 

RcCl 

2.230 ± 0.004 

801. 702 
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Table A.9. Molecular structures from microwave spectra —Continued 


Asymmetric Tops 









Bibliog¬ 








raphy 








Refer¬ 

Molecule 

Bond Angle 

Bond Distance (A) 

Bond Distance (A) 

ence 

C1F 3 

FC1F 

174° 58' 

C1F 

1.70 

C1F' 

1.60 

840; d 

(C1F 2 F') 

F'CLF 

87°29' 






hn 3 

HN'N" 

112° 39'±30' 

HN* 

1.021 ± 0.01 

N'N" 

1.240 ± 0.003 

601 

(HN'N"N'") 

N'N"N"' 

(180°) 

N"N"' 

1.134 ±0.003 




HNCO 

HNC 

128° 5'± 30' 

HN 

0.987 ±0.01 

NC 

1.207 ±0.01 

643 


NCO 

(180°) 

CO 

1.171 ±0.01 




HNCS 

HNC 

136° 

HN 

( 1 . 01 ) 

NC 

1.218 

607 


NCS 

(180°) 

CS 

1.557 




CH 3 OH 

HCH 

(109°280 

CH 

( 1 . 10 ) 

CO 

1.421 

707a 


COH 

110° 15' 

OH 

(0.958 




CH 3 SH 

HCH 

(109° 28') 

CH 

( 1 . 10 ) 

SH 

1.34 

758 


HSC 

( 100 °) 

CS 

1.815 




ch 3 n=c=s 

HCH 

(109°) 

Cli 

(1.09) 

CN 

(1.47) 

505 


CNC 

142° 

c=s 

(1.56) 

N=C (1.22) 


CH 3 SCN 

HCH 

(109°) 

CH 

(1.09) 

CS 

1.81 

505 

(CH 3 SC'N) 

CSC 

142° 

C'N 

( 1 . 21 ) 

SC' 

1.61 


HDO 

HOD 

104° ±30' 





550 

HDS 

USD 

92° 20' 

HS 

1.34 

DS 

1.34 

727 

S0 2 

OSO 

119.33° 

SO 

1.433 



764, 710 

o 3 

OO'O 

116° 49' ± 30' 

OO' 

1.278 ± 0.003 



816; h 

NOF 

ONF 

110 ° 

NO 

1.13 

NF 

1.52 

738 

no 2 f 

ONO 

(125°) 

NO 

1.23 

NF 

(1.35) 

841 


ONF 

(117° 30') 






ch 2 o 

HCH 

118° ± 2 ° 

CII 

1.12 ± 0.01 

CO 

1.21 ± 0.01 

734 

ch 2 co 

HCH 

122.0° ±2.5° 

CH 

1.075 ± 0.010 

C'O 

(1.16 ± 0 . 10 ) 

821 

(CH 2 C'0) 



CO 

2.475 ± 0.003 




ch 2 f 2 

HCH 

112 ° 

CH 

1.09 

CF 

1.36 

829 


FCF 

108° 






ch 2 ci 2 

HCH 

112 ° 0 '± 20 ' 

CH 

1.068 ± 0.005 

CC1 

1.7724 ± 0.0005 

e 


C1CC1 

111° 47'± 1' 






cii 2 cf 2 

HCH 

110 ° 

CH 

1.07 

CC 

1.31 

542 


FCF 

110 ° 

CF 

1.32 




cii 2 och 2 

HCH 

116° 41' 

CH 

1.082 

CO 

1.436 

711 

1_J 

COC 

61° 24' 

CC 

1.472 





H 2 CC 

159° 25' 






CH 2 SC11 2 

HCH 

116° 00 ' 

CH 

1.078 

CS 

1.819 

711 

1_1 

CSC 

65° 48' 

CC 

1.492 





II 2 CC 

151° 43' 






cii 2 chcn 




planar 



/ 

CiH^O (Furan) 




planar 



764a 

C 4 H 5 N (Pyrrole) 




planar 



0 

so 2 f 2 

OSO 

129° 38' ± 30' 

SO 

1.370 ± 0.01 

SF 

1.570 ± 0.01 

809 


FSF 92° 47' ± 30' 


Values in parentheses are assumed. 

(a) J. Q. Williams, J. T. Cox. and W. Gordy, J. Chon. Phys. 20. 1524 (1952). 

(h) R. C. Mockler, J. H. Bailey, and W. Gordy (to be published). 

(c) \\ . Gordy and J. Sheridan (to be published). 

<d) D. F. South (private communication). 

(f) U. J. Myers and W. D. Gwiun. J. Chem. Phys. 20. 1420 (1952). 

(/) W. S. Wilcox, J. H. Goldstein, and J. W. Simmons (private communication). 
('/) W. S. Wilcox and J. H. Goldstein, J. Chem. Phys. 20. 1056 (1952). 

(h) R. 1 rambarulo, S. N. Ghosh, C. A. Burrus, and W. Gordy (to be published) 
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Table A. 10a. Energies and relative intensities of nuclear quadrupole 

hyperfine structure 

The column marked Y(F), column 3, in Table A. 1 Oa gives values for the 

jC(C + 1) - 7(7 + !)/(/ + 1). 

in the nuclear quadrupole energy 


i) 


common factor _ 

2(2/ + 3)(2/ - 1)7(2/ 

formulas (Eqs. 2.78-2.82), where 

C=E(F+1)-7(7+1)-/(/+!) a nd F=J+I, /+/-+ . .| /-/ |. 

To obtain E Q /eQq of a symmetric-top molecule for various K values, multiply 

the Y(F) values given here by the values for - l) given in Table 

A.106. V + ' 

Relative intensities for the case / —> / + 1 are given. This also represents 
the intensities for J - f- 1 > J ) with F — > F -f- 1 corresponding to F + 1 —> F 

and F —> F — 1 corresponding to F — 1 -> F. These intensities do not take 
into account the dependence upon K of a symmetric-top molecule. For K values 
other than zero the intensities relative to those for K = 0 are given by 



K 2 


(/ + 1)* 


e -{(A-B)K 2 \/kT 


where gi (K) and gi (K = 0) are the nuclear statistical weights of the levels 
K and K = 0, respectively. 

For an explanation of the various symbols used, see text. 


Relative Intensity 
J J + 1 


J 

F 

Y(F) 

r 

F —> F + 1 

F F 

r-H 

1 

T 



1 

= 1 



0 

1 

0 . 000000 

100 

60.0 

20.0 

1 

2 

.050000 

100 

17.9 

1.2 


1 

- .250000 

53.6 

17.9 



0 

.500000 

23.8 



2 

3 

.071429 

100 

8.8 

0.2 


2 

- .250000 

69.1 

8.8 



1 

.250000 

46.7 



3 

4 

.083333 

100 

5.1 

0.1 


3 

- .250000 

/u. / 

5.1 



2 

.200000 

58.4 



4 

p* 

0 

.090909 

100 

3.4 

0.03 


4 

-.250000 

81.2 

3.4 



3 

.178571 

65.8 
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Table A. 10a. Energies and relative intensities of nuclear quadrupole 

hyperfine structure —Continued 


Relative Intensity 

J -> J + 1 


J 

F 

Y(F) 

f" 

F -> F-\- 1 

F F F - 

-* F - 1 



1 = 1- 

-Continued 



5 

6 

0.096154 

100 

2.4 

0.02 


5 

- .250000 

84.3 

2.4 



4 

.166607 

70.9 



6 

7 

.100000 

100 

1.8 

.01 


6 

- .250000 

86.4 

1.8 



5 

.159091 

74.7 



7 

8 

.102941 

100 

1.4 

.01 


7 

-.250000 

88.1 

1.4 



6 

.153846 

77.5 



8 

9 

.105263 

100 

1.1 

.00 


8 

- .250000 

89.4 

1.1 



7 

.150000 

79.8 



0 

10 

.107143 

100 

0.91 

.00 


9 

- .250000 

90.4 

0.91 



8 

. 147059 

81.7 



10 

11 

.108696 

100 

0.76 

c 

o 

• 


10 

-.250000 

91.2 

0.76 



9 

.144737 

83.2 



11 

12 

.110000 

100 

0.64 

.00 


11 

- .250000 

91.9 

0.64 


• 

10 

.142857 

84.5 



12 

13 

.111111 

100 

0.55 

.00 


12 

- .250000 

92.6 

0.55 



11 

.141304 

85.7 



13 

14 

.112069 

100 

0.48 

.00 


13 

- .250000 

93.1 

0.48 



12 

.140000 

86.6 



14 

15 

.112903 

100 

0.42 

.00 


14 

- .250000 

93.5 

0.42 



13 

.138889 

87.5 



15 

10 

.113636 

100 

0.37 

. 00 


15 

-.250000 

93.9 

0.37 



14 

.137931 

88.2 
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Table A. 10a. Energies and relative intensities of nuclear quadrupole 

hyperfine structure— Continued 

Relative Intensity 
/->/+! 


J 

F 

Y(F) 

F^>F+ 1 F->1 

/ = 1 —Continued 

16 

17 

0.114286 

100 

0.33 


16 

-.250000 

94.3 

.33 


15 

.137097 

88.9 


17 

18 

.114865 

100 

.29 


17 

-.250000 

94.6 

.29 


16 

.136364 

89.5 


18 

19 

.115385 

100 

.26 


18 

-.250000 

94.9 

.26 


17 

.135714 

90.0 


19 

20 

.115854 

100 

.24 


19 

-.250000 

95.1 

.24 


18 

.135135 

90.4 


20 

21 

.116279 

100 

.22 


20 

-.250000 

95.3 

.22 


19 

.134615 

90.9 


II 

0 

A 

.000000 

100 

66.7 

1 

A 

.050000 

100 

22.5 


A 

-.200000 

52.5 

26.7 


A 

.250000 

20.8 

20.8 

2 

A 

.071429 

100 

11.4 


A 

-.178571 

68.6 

14.6 


3 A 

.000000 

44.8 

11.2 


A 

.250000 

28.0 


3 

% 

.083333 

100 

6.9 


A 

-.166667 

76.4 

9.1 


A 

-.050000 

57.4 

6.9 


3 A 

.200000 

42.9 


4 

X A 

.090909 

100 

4.7 


A 

-.159091 

81.0 

6.2 


A 

-.071429 

65.2 

4.7 


A 

.178571 

52.4 



F F->F- 1 


0.00 


.00 


.00 


00 


00 


33.3 

2.5 

4.2 


0.6 

0.8 


0.2 

0.3 


0.1 

0.1 
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Table A. 10a. Energies and relative intensities of nuclear quadrupole 

hyperfine structure —Continued 


Relative Intensity 

J J + 1 


J 

F 

Y(F) 

F —> F+ 1 

F F F ■ 

-1 

-> F - 1 



1 

VN 

co\ 

ii 

-Continued 



5 

13 A 

0.096154 

100 

3.4 

0.04 


ll A 

-.153846 

84.1 

4.5 

.05 


9 A 

- .083333 

70.5 

3.4 



A 

.166667 

59.1 



6 

l5 A 

.100000 

100 

2.5 

.02 


l3 A 

- .150000 

86.4 

4.1 

.03 


ll A 

- .090909 

74.4 

2.5 



% 

.159091 

64.1 



7 

17 A 

.102941 

100 

2.0 

.01 


l5 A 

- .147059 

88.0 

2.5 

.02 


l3 A 

-.096154 

77.4 

1.9 



l H 

.153846 

68.0 



8 

19 A 

.105263 

100 

1.6 

.01 


17 A 

-.144737 

89.3 

2.0 

.01 


l5 A 

- .100000 

79.7 

1.6 



13 A 

.150000 

71.1 



9 

2l A 

.107143 

100 

1.3 

.01 


19 A 

-.142857 

90.4 

1.7 

.01 


l7 A 

-.102941 

81.6 

1.3 



15 A 

.147059 

73.7 



10 

23 A 

.108696 

100 

1.1 

.00 


2 H 

- .141304 

91.2 

1.5 

.01 


l9 A 

- .105263 

83.2 

1.1 



l7 A 

.144737 

75.8 



11 

25 A 

.110000 

100 

0.9 

.00 


2 'A 

- .140000 

91.9 

1.3 

.00 


2 V2 

-.107143 

84.5 

0.9 



19 A 

.142857 

77.6 



12 

27 A 

.111111 

100 

0.8 

.00 


2r A 

- .138889 

92.5 

1.1 

.00 


23 A 

- .108696 

85.6 

0.8 



2l A 

.141304 

79.2 
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Tabic A.10a. Energies and relative intensities of nuclear quadrupole 

hyperfine structure —Continued 


Relative Intensity 



l = %—Continued 



13 

2 % 

0.112069 


21 A 

-.137931 


2b A 

-.110000 


2 X 

.140000 

14 

3 A 

.112903 


2 A 

-.137097 


27 A 

-.111111 


2 A 

.138889 

15 

33 A 

.113636 


3l A 

-.136364 


29 A 

-.112069 


21 A 

.137931 

16 

33 A 

.114286 


33 A 

-.135714 


3 K 

-.112903 



.137097 

17 

3 A 

.114865 


33 A 

-.135135 


33 A 

-.113636 


3 A 

.136364 

18 

39 A 

.115385 


37 A 

-.134615 


35 A 

-.114286 


3 A 

.135714 

19 

*A 

.115854 


39 A 

-.134146 


37 A 

-.114865 


35 A 

.135135 

20 

43 A 

.116279 


4 A 

-.133721 


39 A 

-.115385 


31 A 

.134615 


100 

0.7 

0.00 

93.1 

.9 

.00 

86.6 

.7 


80.7 

100 

.6 

.00 

93.5 

.8 

.00 

87.4 

.6 


81.7 

100 

.5 

.00 

93.9 

.7 

.00 

88.2 

.5 



82.8 

100 .5 .00 

94.3 .6 .00 

88.8 .5 

83.7 


100 

.4 

.00 

94.6 

.6 

.00 

89.4 

.4 


84.6 

100 

.4 

.00 

94.8 

.5 

.00 

90.0 

.4 


85.3 

100 

.3 

.00 

95.1 

.5 

.00 

90.4 

.3 


86.0 

100 

.3 

.00 

95.3 

.4 

.00 

90.9 

.3 


86.6 
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Table A. 10a. Energies and relative intensities of nuclear quadrupole 

liyperfine structure —Continued 

Relative Intensity 

J -> J + 1 

A — ---—- 

< --- ^ 

j j? Y(F) F —> F + \ F -> F F -> F - 1 


1 = 2 


0 

9 

0.000000 

100 

71.4 

42.9 

l 

3 

.050000 

100 

25.9 

3.7 


2 

-.175000 

51.9 

32.4 

8 .3 


1 

.175000 

19.4 

25.0 

11.1 

2 

4 

.071429 

100 

13.6 

0.9 


3 

- .142857 

68.2 

19.1 

1.8 


2 

—.053571 

43 .6 

18.2 

1 .8 


1 

.125000 

25.5 

12.7 



0 

.250000 

12.7 



3 

r> 

.083333 

100 

8.5 

0.3 


4 

-.125000 

76.2 

12.2 

0.6 


3 

—.091GG7 

56.7 

12.0 

0.5 


2 

.050000 

41.2 

8.2 



1 

.200000 

29.7 



4 

6 

.090909 

100 

5.8 

0.15 


o 

-.113636 

80.9 

8.5 

0.27 


4 

-.105519 

64.7 

8.4 

0.22 


3 

.017857 

51.3 

5.7 



2 

.178571 

40.7 



5 

7 

.096154 

100 

4.2 

0.08 


6 

- .105769 

84.0 

6.2 

0.13 


.) 

- .112179 

70.2 

6.2 

0.11 


4 

.000000 

58.4 

4.2 



3 

.166667 

48.7 



6 

8 

.100000 

100 

3. 2 

0.04 


7 

- .100000 

86 .3 

4.7 

0.07 


6 

-.115909 

74.2 

4.7 

0.06 


5 

-.011364 

63.6 

3 .2 



4 

.159091 

54.7 



7 

9 

.102941 

100 

2.5 

0.03 


8 

—.095588 

88.0 

3.7 

0.04 


/ 

-.118212 

77.2 

3.7 

0.03 


G 

-.019231 

67.7 

2.5 



5 

.153846 

59.4 
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Table A.10a. Energies and relative intensities of nuclear quadrupole 

hyperfine structure—Continued 











Y(F) 


Relative Intensity 
J J+ 1 



10 

9 

8 

7 
6 

11 

10 

9 

8 

7 

12 

11 

10 

9 

8 

13 
12 
11 
10 

9 

14 

13 
12 
11 
10 

15 

14 

13 
12 
11 

16 

15 

14 
13 
12 


7 = 2 —Continued 


0.105263 

100 

2.0 

0.02 

-.092105 

89.3 

3.0 

.03 

-.119737 

79.6 

3.0 

.02 

-.025000 

70.9 

2.0 

.150000 

63.2 



.107143 

100 

1.7 

.01 

-.089286 

90.3 

2.5 

.02 

-.120798 

81.5 

2.5 

.01 

-.029412 

73.5 

1.7 


.147059 

66.3 



.108696 

100 

1.4 

.01 

-.086957 

91.2 

2.1 

.01 

-.121568 

83.1 

2.1 

.01 

-.032895 

75.7 

1.4 

.144737 

69.0 



.110000 

100 

1.2 

.01 

-.085000 

91.9 

1.8 

.01 

-.122143 

84.4 

1.8 

.01 

-.035714 

77.5 

1.2 


.142857 

71.2 



.111111 

100 

1.0 

.00 

-.083333 

92.5 

1.5 

.01 

-.122585 

85.6 

1.5 

.01 

-.038043 

79.1 

1.0 


.141304 

73.2 



.112069 

100 

0.9 

.00 

-.081897 

93.0 

1.3 

.01 

-.122931 

86.5 

1.3 

.00 

-.040000 

80.5 

0.9 


.140000 

74.9 



.112903 

100 

0.8 

.00 

-.080645 

93.5 

1.2 

.00 

-.123208 

87.4 

1.2 

.00 

-.041667 

81.7 

0.8 


.138889 

76.4 
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Table A.IOa. Energies and relative intensities of nuclear quadrupole 

hyperfine structure —Continued 


Relative Intensity 
J J + 1 


J 

F 

y(F) 

F —> F+ 1 

F — F 

F-> F - 1 



1 = 2- 

-Continued 



15 

17 

0.113636 

100 

0.7 

0.00 


16 

- .079545 

93.9 

1.0 

.00 


15 

- .123433 

88.1 

1.0 

.00 


14 

-.043103 

82.7 

0.7 



13 

.137931 

77.7 



16 

18 

.114286 

100 

0.6 

.00 


17 

-.078571 

94.3 

0.9 

.00 


16 

-.123618 

88.8 

0.9 

.00 


15 

-.044355 

83.7 

0.6 



14 

.137097 

78.9 



17 

19 

.114865 

100 

0.6 

.00 


18 

-.077703 

94.6 

0.8 

.00 


17 

-.123771 

89.4 

0.8 

. 00 


16 

- .045455 

84.5 

0.6 



15 

.136364 

79.9 



18 

20 

.115385 

100 

0 .5 

.00 


19 

- .076923 

94.8 

0.8 

.00 


18 

-.123901 

89.9 

0.8 

.00 


17 

-.046429 

85.3 

0.5 



16 

.135714 

80.9 



19 

21 

.115854 

100 

0 .5 

.00 


20 

- .076220 

95.1 

0.7 

.00 


19 

-.124011 

90.4 

0.7 

.00 


18 

-.047297 

86.0 

0.5 



17 

.135135 

81.8 



20 

22 

.116279 

100 

0.4 

.00 


21 

—.075581 

95.3 

0.6 

.00 


20 

-.124106 

90.9 

0.6 

.00 


19 

- .048077 

86.6 

0.4 



18 

.134615 

82.6 





/ 

= / 2 



0 

'/ 2 

0 .000000 

100 

75.0 

50.0 

1 

Vi 

.050000 

100 

28.6 

4.7 


/2 

-.160000 

51.4 

36.6 

12.0 


h 

.140000 

18.7 

28.0 

20.0 
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Table 4.10a. Energies and relative intensities of nuclear quadrupole 

hyperfine structure— Continued 



Relative Intensity 

J ->J+1 

r " —-— * ____ 

Y(F) F-+F+ 1 F F F -> F - 1 


I = H—Continued 









0.071429 

100 

15.4 

-.121428 

67.9 

22.6 

-.071429 

42.9 

23.1 

.071429 

24.0 

19.0 

.200000 

10.4 

13.0 


1.2 

2.9 

4.0 

3.7 



.083333 

100 

9.7 

-.100000 

76.0 

14.8 

-.100000 

56.1 

16.0 

-.006667 

40.1 

14.0 

.110000 

27.6 

9.2 

.200000 

18.4 



0.5 

1.0 

1.3 

1.0 


13 A 

.090909 

100 

6.7 


-.086364 

80.8 

10.4 

% 

-.107792 

64.3 

11.5 

A 

-.037662 

50.6 

10.2 

A 

.071429 

39.3 

6.5 

% 

.178571 

30.6 



0.2 

0.5 

0.6 

0.4 


15 A 

.096154 

100 

4.9 

0.1 

13 A 

-.076923 

83.9 

7.7 

0.2 

"A 

-.110256 

69.9 

8.6 

0.3 

H 

- .053846 

57.9 

7.6 

0.2 

7 2 

.050000 

47.7 

4.9 


5 2 " 

.166667 

39.4 



l7 A 

.100000 

100 

3.8 

0.1 

13 A 

- .070000 

86.2 

5.9 

0.1 

13 A 

-.110909 

74.0 

6.6 

0.2 

x y 2 

-.063636 

63.2 

5.9 

0.1 

9 A 

.036364 

53.9 

3.8 


7 A 

.159091 

46.2 



,9 2 

.102941 

100 

3.0 

0.04 

l7 A 

-.064706 

87.9 

4.7 

0.08 

*>’2 

-.110859 

77.1 

5.3 

0.09 

l3 A 

-.070136 

67.4 

4.7 

0.06 

'A 

.026923 

58.8 

3.0 


9 A 

.153846 

51.5 
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8 


9 


10 


11 


12 


13 


2 A 

0.105263 

100 

2.4 

0.03 

l »A 

-.060526 

89.2 

3.8 

.05 

17 A 

-.110526 

79.5 

4.3 

.06 

ir A 

-.074737 

70.6 

3.8 

.04 

13 A 

.020000 

62.8 

2.4 


ll A 

.150000 

55.9 



23 A 

.107143 

100 

2.0 

.02 

2i A 

-.057143 

90.3 

3.2 

.03 

l9 A 

-.110084 

81.4 

3.6 

.04 

17 A 

-.078151 

73.3 

3.2 

.02 

15 A 

.014706 

66.0 

2.0 


13 A 

.147059 

59.5 



2 *A 

.108696 

100 

1.7 

.01 

23 A 

-.054348 

91.2 

2.7 

.02 

21 A 

-.109610 

83.0 

3.0 

.03 

l9 A 

-.080778 

75.5 

2.7 

.02 

17 A 

.010526 

68.7 

1.7 


15 A 

.144737 

62.6 



21 A 

.110000 

100 

1.4 

.01 

2h A 

- .052000 

91.9 

2.3 

.02 

23 A 

-.109143 

84.4 

2.6 

.02 

2 A 

- .082857 

77.4 

2.3 

.01 

19 A 

.007143 

71.0 

1.4 


17 A 

.142857 

65.2 



29 A 

.111111 

100 

1.2 

.01 

27 A 

- .050000 

92.5 

2.0 

.01 

2b A 

- .108696 

85.5 

2.2 

.01 

23 A 

- .084541 

79.0 

2.0 

.01 

2 A 

.004348 

73.0 

1.2 


19 A 

.141304 

67.5 



3 A 

.112069 

100 

1.1 

.01 

2 A 

-.048276 

93.0 

1.7 

.01 

2 A 

-.108276 

86.5 

1.9 

.01 

2 A 

- .085931 

80.4 

1.7 

.01 

2 A 

.002000 

74.7 

1.1 


2 A 

.140000 

69.5 
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Table A.10a. Energies and relative intensities of nuclear quadruple 

hyperfine structure —Continued 


Relative Intensity 
J -+ J+ 1 



14 

3 % 

0.112903 

100 

0.9 

0.00 



-.046774 

93.5 

1.5 

.01 


2 % 

-.107885 

87.4 

1.7 

.01 


27 A 

-.087097 

81.6 

1.5 

.01 


25 A 

.000000 

76.3 

0.9 



23 A 

.138889 

71.3 



15 

3S A 

.113636 

100 

0.8 

.00 


33 A 

-.045455 

93.9 

1.3 

.01 


3 H 

-.107524 

88.1 

1.5 

.01 


29 A 

-.088088 

82.7 

1.3 

.00 


27 A 

-.001724 

77.6 

0.8 



25 A 

.137931 

72.8 



16 

37 A 

.114286 

100 

0.8 

.00 


35 A 

-.044286 

94.2 

1.2 

.01 


33 A 

-.107189 

88.8 

1.4 

.01 


3 Y2 

-.088940 

83.6 

1.2 

.00 


29 A 

-.003226 

78.8 

0.8 



27 A 

.137097 

74.2 



17 

39 A 

.114865 

100 

0.7 

.00 


37 A 

-.043243 

94.6 

1.1 

.00 


35 A 

-.106880 

89.4 

1.2 

.00 


33 A 

-.089681 

84.5 

1.1 

.00 


3 A 

-.004545 

79.9 

0.7 



29 A 

.136364 

75.5 



18 


.115385 

100 

0.6 

.00 


3 % 

-.042308 

94.8 

1.0 

.00 


37 A 

-.106593 

89.9 

1.1 

.00 


35 A 

-.090330 

85.3 

1.0 

.00 


33 A 

-.005714 

80.8 

0.6 



3 A 

.135714 

76.7 



19 

43 A 

.115854 

100 

0.6 

.00 


4 A 

-.041463 

95.1 

0.9 

.00 


39 A 

-.106328 

90.4 

1.0 

.00 


37 A 

-.090903 

86.0 

0.9 

.00 


33 A 

-.006757 

81.7 

0.6 



33 A 

.135135 

77.7 
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Table A. 10a. Energies and relative intensities of nuclear quadrupole 

liyperfine structure— Continued 


Relative Intensity 

J -> J + 1 


J 

F 

Y(F) 

r 

F —> F + l 

F -> F 

F -> F - 1 



I = 

-Conti a aed 



20 

4b A 

0.116279 

100 

0.5 

0.00 


4 A 

-.040700 

95.3 

.8 

.00 


4l A 

-.106082 

90.9 

.9 

.00 


*°A 

-.091413 

86.6 

.8 

.00 


* 7 A 

-.007692 

82.5 

.5 



3 « 

.134615 

78.7 





I 

= 3 



0 

3 

0.000000 

100 

77.8 

55 .6 

1 

4 

.050000 

100 

30.7 

5.7 


3 

-.150000 

51.1 

39 .8 

15.2 


2 

.120000 

18.2 

30.3 

27.3 

2 

5 

.071429 

100 

16.9 

1.5 


4 

-.107142 

67. l 

25.4 

3.8 


3 

-.078571 

42.3 

26.9 

6.2 


2 

.042857 

23.1 

23.1 

7.7 


1 

.171429 

9.2 

15.4 

7.7 

3 

6 

.083333 

100 

10.8 

0.6 


5 

-.083333 

75.8 

17.0 

1.4 


4 

-.100000 

55.7 

19.3 

2.1 


3 

- .033333 

39.3 

18.3 

2.4 


2 

.063333 

26.2 

14.9 

1.8 


1 

.150000 

16.1 

9.6 



0 

.200000 

8.6 



4 

7 

.090909 

100 

7.6 

0.3 


6 

-.068182 

80.7 

12.1 

0.7 


5 

-.103246 

64.1 

14.1 

0.9 


4 

-.061039 

50.0 

13.8 

1.0 


3 

.019481 

38.2 

11.4 

0.7 


2 

.107143 

28.8 

7.2 



1 

.178571 

21.6 



5 

8 

.096154 

100 

5.6 

0.2 


7 

-.057692 

83.9 

9.1 

0.3 


G 

-.102564 

69.7 

10.7 

0.5 


5 

-.074571 

57.4 

10.0 

0.5 

• 

4 

-.003846 

46.9 

8.8 

0.3 
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Table A.IOa. Energies and relative intensities of nuclear quadrupole 

hyperfine structure —Continued 



Y(F) 


Relative Intensity 
J —> J -f- 1 


F F+l 




= 3 —Continued 


5 Cont. 


3 

2 


0.083333 
.166667 


38.1 

31.1 


5.4 







9 

.100000 

100 

4.3 

0.1 

8 

-.050000 

86.2 

7.0 

.2 

7 

-.100909 

73.8 

8.3 

.3 

6 

-.081818 

62.9 

8.3 

.3 

5 

-.018182 

53.4 

6.9 

.2 

4 

.068182 

45.2 

4.2 


3 

.159091 

38.5 



10 

.102941 

100 

3.4 

.1 

9 

-.044118 

87.9 

5.6 

.1 

8 

-.099095 

76.9 

6.7 

.2 

7 

-.086425 

67.1 

6.6 

.2 

6 

-.027828 

58.4 

5.6 

.1 

5 

.057692 

50.8 

3.4 


4 

.153846 

44.3 



11 

. 105263 

100 

2.8 

.04 

10 

-.039474 

89.2 

4.6 

.08 

9 

-.097368 

79.4 

5.5 

.10 

8 

-.089474 

70.5 

5.4 

.10 

7 

-.034737 

62.5 

4.6 

.06 

6 

.050000 

55.4 

2.8 


5 

.150000 

49.2 



12 

.107143 

100 

2.3 

.02 

11 

-.035714 

90.3 

3.8 

.05 

10 

-.095798 

81.3 

4.6 

.07 

9 

-.091597 

73.2 

4.5 

.06 

8 

-.039916 

65.8 

3.8 

.04 

7 

.044118 

59.1 

2.3 


6 

.147059 

53.2 



13 

.108696 

100 

2.0 

.02 

12 

-.032609 

91.2 

3.2 

.04 

11 

-.094394 

83.0 

3.9 

.05 

10 

-.093135 

75.4 

3.9 

.05 

9 

-.043936 

68.5 

3.2 

.03 

8 

.039474 

62.3 

2.0 


7 

.144737 

56.7 
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Table .4. 10a. 


J 


11 


12 


13 


14 


Energies and relative intensities of nuclear quadrupole 
hyperfine structure —Continued 


Relative Intensity 

J -* J + 1 


F 

Y{F) 

F —> F + l 

F F F - 

-> F — 


7=3- 

-Continued 



14 

0.110000 

100 

1.7 

0.01 

13 

- .030000 

91.9 

2.8 

.03 

12 

-.093143 

84.3 

3.3 

.04 

11 

- .094286 

77.3 

3.3 

.03 

10 

'•v-' 

© 

• 

1 

70.9 

2.8 

.02 

0 

.035714 

65.0 

1.7 


8 

.142857 

59 .6 



15 

.111111 

100 

1 .5 

.01 

14 

-.027778 

92.5 

2.4 

.02 

13 

- .092029 

85.5 

2.9 

. 03 

12 

- .095169 

78.9 

2.9 

.02 

11 

- .049759 

72.9 

2.4 

.01 

10 

.032609 

67.3 

1 .4 


9 

.141304 

62.2 



16 

.112069 

100 

1.3 

.01 

15 

- .025862 

93.0 

2.1 

.02 

14 

- .091034 

86 .5 

2.5 

.02 

13 

- .095862 

80.3 

2.5 

.02 

12 

-.051931 

74 .6 

2.1 

.01 

11 

.030000 

69.3 

1 .3 


10 

.140000 

64.4 



17 

.112903 

100 

1.1 

.01 

16 

- .024194 

93.5 

1.9 

.01 

15 

- .090143 

87.3 

2.2 

.02 

14 

- .096416 

81 .6 

2.2 

.01 

13 

- .053763 

76.2 

1.8 

.01 

12 

.027778 

71.1 

1.1 


11 

.138889 

66 .4 



18 

.113636 

100 

1 .0 

.00 

17 

- .022727 

93.9 

1.6 

.01 

16 

- .089342 

88.1 

2.0 

.01 

15 

- .096865 

82.6 

2.0 

.01 

1-1 

- .055329 

77 .6 

1 .6 

.01 

13 

.025862 

72.7 

1 .0 


12 

.137931 

68.2 
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Table A. 10a. Energies and relative intensities of nuclear quadrupole 

hyperjfine structure —Continued 



Relative Intensity 
J -> J+ 1 

— ^-- A 

~ ^ - 

Y(F) F-+F+ 1 F F F —> F — 1 


I = 3 —Continued 







19 

0.114286 

100 

1.0 

0.00 

18 

-.021429 

94.2 

1.5 

.01 

17 

-.088618 

88.8 

1.8 

.01 

16 

-.097235 

83.6 

1.8 

.01 

15 

-.056682 

78.7 

1.5 

.01 

14 

.024194 

74.1 

1.0 


13 

.137097 

69.8 



20 

.114865 

100 

1.0 

.00 

19 

-.020270 

94.6 

1.3 

.01 

18 

-.087961 

89.4 

1.6 

.01 

17 

-.097543 

84.5 

1.6 

.01 

16 

-.057862 

79.8 

1.3 

.00 

15 

.022727 

75.4 

1.0 


14 

.136364 

71.3 



21 

.115385 

100 

1.0 

.00 

20 

-.019231 

94.8 

1.2 

.01 

19 

-.087363 

89.9 

1.4 

.01 

18 

-.097802 

85.2 

1.4 

.01 

17 

-.058901 

80.8 

1.2 

.00 

16 

.021429 

76.6 

1.0 


15 

.135714 

72.6 



22 

.115854 

100 

1.0 

.00 

21 

-.018293 

95.1 

1.1 

.00 

20 

-.086816 

90.4 

1.3 

.01 

19 

-.098022 

85.9 

1.3 

.00 

18 

-.059822 

81.7 

1.1 

.00 

17 

.020270 

77.6 

1.0 


16 

.135135 

73.8 



23 

.116279 

100 

1.0 

.00 

22 

-.017442 

95.3 

1.0 

.00 

21 

-.086315 

90.8 

1.2 

.00 

20 

-.098211 

86.6 

1.2 

.00 

19 

-.060644 

82.5 

1.0 

.00 

18 

.019231 

78.6 

1.0 


17 

.134615 

74.9 
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Table A. 10a. 


Energies and relative intensities of nuclear quadrupole 
livperfine structure —Continued 



Y(F) 


Relative Intensity 

J -> J + 1 

A 

-- -* 

F —> F -f 1 F^F F — F-l 



0 

T4 

0 . 000000 

100 

80.0 

60.0 

1 

A 

.050000 

100 

32.4 

6.5 


A 

-.142857 

51.0 

42.4 

17.8 


A 

.107143 

17.8 

32.2 

33.3 

2 

'A 

.071429 

100 

18.2 

1.8 


% 

- .096939 

67.5 

27.7 

4.8 


A 

-.081633 

41.9 

30.2 

8.2 


A 

.025510 

22.5 

26.1 

11.4 


A 

.153061 

8.6 

17.1 

14.3 

3 

l H 

.083333 

100 

11.8 

0.7 


"A 

-.071429 

75.7 

18.9 

1.8 


A 

-.097619 

55.4 

22.0 

3.0 


7 A 

- .047619 

38.7 

21.8 

3.8 


A 

.035714 

25.3 

18.9 

4.0 


A 

.119048 

14.7 

14.3 

3 . 1 


A 

. 178571 

6.7 

9.4 


4 

l A 

.090909 

100 

8.3 

0.3 


l A 

—.055195 

80.6 

13.6 

0.9 


ll A 

- .097403 

63.3 

16.3 

1.4 


A 

-.071892 

49.5 

16.8 

1.6 


7 A 

- .009276 

37.4 

15.3 

1.6 


A 

.065399 

27.5 

12.2 

1.0 


A 

. 132653 

19.6 

7.6 



A 

.178571 

13.6 



5 

17 A 

.096154 

100 

6.2 

0.2 


l A 

-.043956 

83.8 

10.3 

0.5 


l A 

-.094322 

69.5 

12.5 

0.7 


1 A 

-.082418 

57.0 

13.0 

0.8 


A 

- .032051 

46.3 

12.0 

0.8 


A 

.036630 

37.1 

9.7 

0.5 


A 

.107143 

29.5 

5.9 



3 A 

A 2 

.166667 

23.6 



0 

l H 

.100000 

100 

4.8 

0.1 


17 A 

- .035714 

86.2 

8.0 

0.1 


l A 

- .090909 

73.7 

9.8 

0.2 
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Table A. 10a. Energies and relative intensities of nuclear quadruple 

hyperfine structure— Continued 


Relative Intensity 

J J + l 



6 Coni. 






F Y(F) F-+F+1 F F F -> F - 1 



1 

II 

-Continued 



13 A 

- 0.087662 

62.6 

10.3 

0.2 


-.045455 

52.9 

9.6 

.2 

% 

.018831 

44.5 

7.8 

.1 

% 

.090909 

37.3 

4.7 


5 A 

.159091 

31.5 



21 A 

.109241 

100 

3.8 

.03 

19 A 

-.029412 

87.8 

6.4 

.08 

17 A 

-.087750 

76.8 

7.9 

.12 

15 A 

-.090498 

66.9 

8.4 

.14 

13 A 

-.054137 

58.1 

7.8 

.12 

l A 

.006787 

50.2 

6.3 

.06 

9 A 

.079670 

43.5 

3.8 


7 A 

.153846 

37.8 



23 A 

.105263 

100 

3.1 

.02 

2l A 

-.024436 

89.2 

5.3 

.05 

19 A 

-.084962 

79.3 

6.5 

.08 

17 A 

-.092105 

70.3 

6.9 

.09 

l5 A 

-.060150 

62.2 

6.5 

.08 

13 A 

.001880 

54.9 

5.2 

.04 

"A 

.071429 

48.5 

3.1 


9 A 

.150000 

43.0 



2 A 

.107143 

100 

2.6 

.02 

2 3 A 

-.020408 

90.3 

4.4 

.04 

2 A 

-.082533 

81.3 

5.5 

.05 

19 A 

-.093037 

73.0 

5.8 

.06 

l7 A 

-.064526 

65.5 

5.4 

. 05 

l3 A 

-.008403 

58.7 

4.4 

.03 

13 A 

.065126 

52.7 

2.6 


ll A 

.147059 

47.4 



27 A 

.108696 

100 

2.2 

.01 

2b A 

-.017081 

91.1 

3.7 

.03 

23 A 

-.080418 

82.9 

4.6 

.04 

21 A 

-.093576 

75.3 

4.9 

.04 

19 A 

-.067833 

68.3 

4.6 

.03 

17 A 

-.013485 

62.0 

3.7 

.02 

15 A 

.060150 

56.2 

2.2 


13 A 

.144737 

51.1 
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12 


13 


11 


29 A 

0.110000 

100 

1.9 

0.01 

2 A 

-.014286 

91.9 

3.2 

.02 

2r A 

- .078571 

84.3 

4.0 

.03 

2 A 

- .093878 

77.2 

4.2 

.03 

2 A 

-.070408 

70.7 

4.0 

.02 

19 A 

-.017551 

64.7 

3.2 

.01 

17 A 

.056122 

59.3 

1.9 


15 A 

.142857 

54.3 



3 A 

.111111 

100 

1.6 

.01 

29 A 

- .011905 

92.5 

2.8 

.01 

2 7 
>2 

-.076950 

85.4 

3.5 

.02 

2 5 / 

^ Z 

- .094030 

78.9 

3.7 

.02 

23 A 

- .072404 

72.7 

3 . 5 

.02 

2l A 

- .020876 

67.1 

2.8 

.01 

l9 A 

.052795 

61.9 

1.6 


17 A 

.141304 

57.2 



3 V 2 

.112069 

100 

1.4 

.01 

3 A 

- .009852 

93.0 

2.4 

.01 

29 A 

-.075517 

86.4 

3.0 

.02 

27 A 

- .094089 

80.3 

3.2 

.02 

2 A 

- .074138 

74.5 

3.0 

.01 

23 A 

-.023645 

69.2 

2.4 

.01 

2l A 

.050000 

64.2 

1.4 


l H 

.140000 

59.7 



3 % 

.112903 

100 

1.3 

.00 

3: A 

- .008064 

93.5 

2.2 

.01 

3 A 

-.074245 

87.3 

2.7 

.02 

29 A 

. 000000 

81.5 

2.9 

.01 

27 2 

- . 075525 

76.1 

2.7 

.01 

2r A 

- . 025986 

71.0 

2.2 

.01 

23 A 

.047619 

06.3 

1.3 


2 A 

. 138889 

61.9 



3 A 

.113636 

100 

1.1 

.00 

3 r A 

- .006494 

93.9 

1.9 

.01 

33 A 

-.073108 

88.1 

2.4 

.01 

3 A 

. 000000 

82.6 

2.5 

.01 

29 A 

-.076691 

77.4 

2.4 

.01 
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Table A.10a. 


Energies and relative intensities of nuclear quadrupole 
hyperfine structure —Continued 

Relative Intensity 

J -+J+ 1 


Y(F) 


F + l F -> F F -> F - 1 


I = K —Continued 


15 Cont. 


16 


2 A 

- 0.027989 

72.6 

1.9 

0.00 

2 A 

.045567 

68.1 

1.1 


23 A 

.137931 

63.9 



39 A 

.114286 

100 

1.0 

.00 

3 A 

-.005102 

94.2 

1.7 

.01 

3 % 

-.072087 

88.8 

2.1 

.01 

33 A 

-.093976 

83.6 

2.3 

.01 

3 A 

-.077683 

78.7 

2.1 

.01 

2 % 

-.029724 

74.0 

1.7 

.00 

21 A 

.043779 

69.7 

1.1 


2b A 

.137097 

65.7 




17 


18 


19 



.114865 

100 

0.9 

.00 

3 % 

-.003861 

94.5 

1.5 

.00 

37 A 

-.071165 

89.4 

1.9 

.01 

35 A 

-.093893 

84.4 

2.1 

.01 

33 A 

-.078536 

79.8 

1.9 

.01 

3 a 

-.031239 

75.3 

1.5 

.00 

29 A 

.042339 

71.2 

0.9 


2 A 

.136364 

67.3 



43 A 

.115385 

100 

0.8 

.00 

4 A 

-.002747 

94.8 

1.4 

.00 

39 A 

-.070330 

89.9 

1.7 

.01 

31 A 

-.093799 

85.2 

1.9 

.01 

3b A 

-.079278 

80.7 

1.7 

.00 

33 A 

-.032575 

76.5 

1.4 

.00 

3 y 2 

.040816 

72.5 

0.8 


29 A 

.135714 

68.7 



45 A 

.115854 

100 

0.7 

.00 

43 A 

-.001742 

95.1 

1.3 

.00 

4 K 

-.069569 

90.4 

1.6 

.00 

39 A 

-.093700 

85.9 

1.7 

.00 

31 A 

-.079927 

81.6 

1.6 

.00 

3b A 

-.033760 

77.6 

1.3 

.00 

33 A 

.039579 

73.7 

0.7 


a y 2 

.135135 

70.1 
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Table A. 10a. Energies and relative intensities of nuclear quadrupole 

hyperfine structure —Continued 


Relative Intensity 
/->/+! 


J 

F 

Y ( F ) 

f - 

F — > F + 1 

F -> F 

■ l-H 

1 

&s 

T 

6s 



I = K— 

-Continued 



20 

*V2 

0.116279 

100 

0.7 

0.00 



-.000831 

95.3 

1.2 

.00 


43 A 

-.068873 

90.8 

1.5 

.00 



-.093598 

86.5 

1.5 

.00 



-.080501 

82.4 

1.4 

.00 


37 A 

-.034820 

78.5 

1 .2 

.00 


35 A 

.038401 

74.8 

0.7 



33 A 

.134615 

71.3 





I 

= 4 



0 

4 

0 . 000000 

100 

81.8 

63.6 

1 

5 

.050000 

100 

33.8 

7.2 


4 

- .137500 

50.8 

44.4 

20.1 


3 

.098214 

17.6 

33.7 

38.0 

2 

6 

.071429 

100 

19.0 

2.1 


5 

-.089286 

67.4 

29.7 

5.6 


4 

-.082908 

41.6 

32.4 

10.0 


3 

.014031 

22.0 

28.5 

14.8 


2 

.140306 

8.1 

18.5 

20.0 

3 

7 

.083333 

100 

12.6 

0.8 


6 

-.002500 

75.6 

20.5 

2.2 


5 

-.094643 

55.1 

24.3 

3.8 


4 

- .055952 

38.2 

24.6 

5.3 


3 

.017857 

24.6 

22.0 

6.3 


2 

.098214 

13.9 

17.3 

6.6 


1 

.163690 

5.8 

11.0 

5.9 

4 

8 

.090909 

100 

8.9 

0.4 


7 

-.045455 

80.5 

14.9 

1.1 


6 

-.091721 

63.6 

18.2 

1.8 


5 

-.077110 

49.1 

19.3 

2.3 


4 

- .026670 

36.8 

18.4 

2.6 


3 

.038729 

26.6 

16.0 

2.5 


2 

.102389 

18.2 

12.3 

1 .6 


1 

.151786 

11.6 

7.7 



0 

.178571 

6.4 
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Table A. 10a. Energies and relative intensities of nuclear quadruple 

hyperfine structure— Continued 



5 





Relative Intensity 

/ — J+ 1 

—— _ A 

■ ** * 

F Y ( F ) 1 F-+F F F - 1 


I = 4 —Continued 


9 

0.096154 

100 

6.7 

0.2 

8 

-.033654 

83.8 

11.3 

0.6 

7 

-.086767 

69.4 ' 

14.1 

0.9 

6 

-.085165 

56.8 

15.2 

1.2 

5 

-.048077 

45.8 

14.8 

1.3 

4 

.008013 

36.4 

13.1 

1.1 

3 

.069368 

28.4 

10.3 

0.7 

2 

.125000 

21.9 

6.3 

1 

.166667 

16.9 



10 

.100000 

100 

5.2 

0.1 

9 

-.025000 

86.1 

8.9 

0.3 

8 

-.081981 

73.6 

11.2 

0.5 

7 

-.088474 

62.4 

12.2 

0.7 

6 

-.060065 

52.5 

12.0 

0.7 

5 

-.010390 

43.9 

10.7 

0.6 

4 

.048864 

36.4 

8.4 

0.3 

3 

.107955 

30.1 

5.0 


2 

.159091 

25.1 



11 

.102941 

100 

4.2 

0.1 

10 

-.018382 

87.8 

7.2 

0.2 

9 

-.077771 

76.7 

9.1 

0.3 

8 

-.090417 

66.7 

9.9 

0.4 

7 

-.067469 

57.8 

9.8 

0.4 

6 

-.022503 

49.8 

8.8 

0.4 

5 

.034947 

42.8 

5.3 

0.2 

4 

.096154 

36.7 

4.1 


3 

.153846 

31.7 



12 

.105263 

100 

3.4 

0.1 

11 

-.013158 

89.2 

5.9 

0.1 

10 

-.074154 

79.2 

7.5 

0.2 

9 

-.090132 

70.2 

8.2 

0.3 

8 

-.072368 

61.9 

8.2 

0.3 

7 

-.031015 

54.5 

7.4 

0.2 

6 

.024906 

47.9 

5.8 

0.1 

5 

.087500 

42.2 

3.4 


4 

.150000 

37.3 
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Table A. 10a. Energies and relative intensities of nuclear quadrupole 

hyperline structure —Continued 


J 






Relative Intensity 

J —> «/ + 1 


F 

Y ( F ) 

f 

F —> F + 1 

F -> F I 

1 —> F — 1 


7 = 4 — 

Continued 



13 

0.107143 

100 

2.9 

0.04 

12 

- .008929 

90.2 

4.9 

.10 

11 

-.071053 

81.2 

6.3 

.15 

10 

- .090036 

72.9 

6.9 

.18 

9 

- .075780 

65.3 

6.9 

.18 

8 

- .037290 

58.4 

6.2 

.14 

7 

.017332 

52.2 

4.9 

.07 

6 

.080882 

46.7 

2.8 


5 

.147059 

41.9 



14 

.108696 

100 

2.4 

.03 

13 

- .005435 

91.1 

4.2 

.07 

12 

- .068384 

82.9 

5.4 

.11 

11 

- .089715 

75.2 

5.9 

.13 

10 

- .078253 

68.2 

5.9 

.13 

9 

- .042089 

61.7 

5.3 

.10 

8 

.011421 

55.9 

4.2 

.04 

7 

.075658 

50.6 

2.4 


0 

.144737 

45.9 



15 

.110000 

100 

2.1 

.02 

14 

- .002500 

91.1 

3 . 6 

.05 

13 

- .066071 

84.2 

4.6 

.08 

12 

- .089286 

77.2 

5.1 

.09 

1 1 

- .080102 

70.6 

5 . 1 

. 09 

10 

- .045867 

64.5 

4.6 

.07 

9 

.006684 

59.0 

3 . 6 

.03 

8 

.071429 

53.9 

2.1 


i 

.142857 

49.4 



16 

.111111 

100 

1.8 

.02 

15 

.000000 

92.5 

3.1 

.04 

14 

- .064053 

85.4 

4.0 

.06 

15 

- .088811 

78.8 

4.4 

.07 

12 

- .081522 

72.6 

4.4 

.07 

1 1 

- .048913 

66.9 

4.0 

. 05 

10 

.002804 

61 .7 

3.1 

.03 

9 

.067935 

56.8 

1 .8 


8 

.141304 

52.4 
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Table A.IOa. Energies and relative intensities of nuclear quadruple 

hyperfine structure —Continued 


Relative Intensity 



/ = 4 —Continued 






17 

0.112069 

100 

1.6 

0.01 

16 

.002155 

93.0 

2.8 

.03 

15 

-.062278 

86.4 

3.5 

.04 

14 

-.088325 

80.2 

3.9 

.05 

13 

-.082635 

74.4 

3.9 

.05 

12 

-.051416 

69.0 

3.5 

.04 

11 

-.000431 

64.0 

2.7 

.02 

10 

.064523 

59.4 

1.6 

9 

.140000 

55.2 



18 

.112903 

100 

1.4 

.01 

17 

.004032 

93.5 

2.4 

.02 

16 

-.060708 

87.3 

3.2 

.03 

15 

-.087846 

81.5 

3.5 

.04 

14 

-.083525 

76.0 

3.5 

.04 

13 

-.053507 

70.9 

3.1 

.03 

12 

-.003168 

66.1 

2.4 

.01 

11 

.062500 

61.6 

1.4 

10 

.138889 

57.6 



19 

.113636 

100 

1.3 

.01 

18 

.005682 

93.9 

2.2 

.02 

17 

-.059309 

88.1 

2.8 

.03 

16 

-.087382 

82.6 

3.1 

.03 

15 

-.084248 

77.4 

3.1 

.03 

14 

-.055279 

72.5 

2 .S 

.02 

13 

-.005514 

67.9 

2.2 

.01 

12 

.060345 

63.7 

1.2 


11 

.137931 

59.7 



20 

.114286 

100 

1.1 

.01 

19 

.007143 

94.2 

2.0 

.01 

18 

—.058056 

88.7 

2.5 

.02 

17 

-.086940 

83.5 

2.8 

.02 

16 

-.084842 

78.6 

2.8 

.02 

15 

-.056797 

73.9 

2.5 

.02 

14 

-.007546 

69.6 

1.9 

.01 

13 

.058468 

65.5 

1.1 


12 

.137097 

61.7 
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Table A. 10a. Energies and relative intensities of nuclear quadrupole 

hyperfine structure —Continued 


Relative Intensity 

/ -> J + 1 


J 

F 

Y ( F ) 

F -> F - f 1 

F —> F 

■ 

1 

T 



I = 4 

-Con tin ued 



17 

21 

0.114805 

100 

1.0 

0.01 


20 

.008440 

94.5 

1.8 

.01 


19 

- .050928 

89.4 

2.3 

.02 


18 

-.086522 

84.4 

2.5 

.02 


17 

-.085337 

79.7 

2.5 

.02 


10 

-.058112 

75.3 

2 . 3 

.01 


15 

-.009323 

71.1 

1.8 

.01 


14 

.056818 

67.1 

1 .0 



13 

.130304 

63.4 



18 

22 

.115385 

100 

1 .0 

.00 


21 

.009615 

94.8 

1.0 

.01 


20 

- .055907 

89.9 

2.1 

.01 


19 

- .086120 

85.2 

2.3 

.02 


18 

- .085754 

80 . 7 

2.3 

.02 


17 

- .059262 

70.4 

2.0 

.01 


10 

- .010891 

72.4 

1.0 

.01 


15 

.055357 

08 . 0 

1 .0 



14 

.135714 

05.0 



19 

23 

.115854 

100 

1.0 

.00 


22 

.010071 

95.1 

1.5 

.01 


21 

- .054978 

90.4 

1.9 

.01 


20 

—.085754 

85.9 

2.1 

.01 


19 

- .080107 

81 .0 

2.1 

.01 


18 

- .000275 

77.5 

1.9 

.01 


17 

- .012283 

73.0 

1.5 

.00 


10 

.054054 

70.0 

1.0 



15 

.135135 

00.5 



20 

24 

.110279 

100 

1.0 

.00 


23 

.011628 

95.3 

1.3 

.01 


22 

-.054130 

90.8 

1.7 

.01 


21 

- .085404 

80.5 

1.9 

.01 


20 

-.086411 

82.4 

1.9 

.01 


19 

-.061174 

78.5 

1.7 

.01 


18 

- .013529 

74.8 

1.3 

.00 


17 

.052885 

71.2 

1.0 



10 

.134015 

07.9 
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Table ,4.10a. Energies and relative intensities of nuclear quadrupole 

hyperfine structure— Continued 

Relative Intensity 

t - - -— * 

J F Y(F) FF + 1 F F FF - 1 


0 

1 







H 

0.000000 

100 

83.3 

66.7 

ll A 

.050000 

100 

35.1 

7.8 

?2 

-.133333 

50.6 

46.1 

22.2 

7 A 

.091667 

17.5 

34.8 

42.9 

13 A 

.071429 

100 

20.2 

2.3 

"A 

-.083333 

67.3 

31.3 

6.4 

A 

-.083333 

41.3 

34.5 

11.7 

7 A 

.005952 

21.7 

30.5 

17.8 

A 

.130952 

5.0 

19.7 

25.0 


.083333 

100 

13.3 

1.0 

13 A 

-.055556 

75.5 

21.9 

2.6 

"2 

-.091667 

55.0 

26.2 

4.6 

Q / 

/ 2 

-.061111 

37.9 

26.9 

6.6 

7 A 

.005556 

24.1 

24.6 

8.5 

H 

.083333 

13.3 

19.6 

6.7 

3 A 

.152777 

5.2 

17.5 

4.8 

l7 A 

.090909 

100 

9.5 

0.5 

lb A 

-.037879 

80.5 

16.1 

1.2 

13 A 

-.086580 

63.5 

20.0 

2.2 

ll A 

-.079545 

48.8 

21.5 

3.0 

H 

-.037879 

36.4 

21.0 

3.7 

7 A 

.020563 

25.9 

19.0 

4.0 

« 

.081169 

17.3 

15.6 

3.7 

3 A 

.132576 

10.4 

11.4 

2.7 

'A 

.166667 

4.9 

3.7 


19 A 

.096154 

100 

7.2 

0.3 

17 A 

-.025641 

83.7 

12.3 

0.7 

15 A 

-.080128 

69.3 

15.5 

1.2 

13 A 

-.085470 

56.5 

17.1 

1.6 

1 A 

-.057692 

45.4 

17.2 

1.9 

A 

-.010684 

35.8 

16.0 

1.9 

7 A 

.043803 

27.5 

13.8 

1.7 

A 

.096154 

20.7 

10.6 

1.0 

3 A 

.138889 

15.0 

6.4 


A 

.166667 

10.7 
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= %—Continued 


0.100000 
-.016667 
-.074242 
-.087121 
-.068182 
-.028788 
.021212 
.073485 
.121212 
.159091 




ll A 

*A 


.102941 
-.009804 
-.069193 
-.087104 
-.074284 
-.040347 
.006222 
.058069 
.108974 
.153846 


T 


2 ^ 
2 ?2 
2 >2 
l H 
l7 A 
ir A 
1: A 


. 105263 
.004386 
.064912 
.086404 
. 078070 
.048246 
.004386 
.046930 
.100000 
.150000 


T 


2 ^ 
2 A 
2 H 
21 A 
19 A 
17 A 
15 A 


.107143 
.000000 
.061275 
.085434 
. 080532 
.053922 
.012255 


T 


I 

T 
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Table A. 10a. Energies and relative intensities of nuclear quadrupole 

hyperfine structure— Continued 



Y{F) 


Relative Intensity 



J + 1 


i - — * 

F-*F + 1 F -» F F —> F — 


1 


I = 9 A—Continued 


9 Coni 


10 


11 


12 


13 


1 X 
9 A 

29 A 

27 A 

25 A 

23 A 

2 A 

l9 A 

17 A 

l5 A 


0.038515 
.093137 
.147059 

.108696 
-.003623 
-.058162 
-.084382 
-.082189 
-.058162 
-.018307 
.031941 


46.2 

41.2 

36.8 

100 

91.1 

82.8 

75.1 

68.0 

61.5 

55.5 

50.1 


5.3 

3.1 


0.1 


2.6 

4.6 

6.0 

6.8 

7.1 

6.8 

5.9 

4.6 


.03 

.08 

.14 

.18 

.19 

.18 

.13 

.07 


13 A 

.087719 

45.3 

2.6 



.144737 

41.1 



3 A 

.110000 

100 

2.3 

.03 

2 % 

.006667 

91.8 

4.0 

.06 

27 A 

-.055476 

84.2 

5.2 

.10 

i5 A 

- .083333 

77.1 

5.9 

.13 

23 A 

-.083333 

70.5 

6.1 

.14 

2 A 

-.061429 

64.3 

5.9 

.13 

19 A 

- .023095 

58.7 

5.2 

.09 

17 A 

.026667 

53.5 

4.0 

.05 

15 A 

.083333 

48.9 

2.3 


l3 A 

.142857 

44.8 



33 A 

.111111 

100 

2.0 

.02 

3 Y 2 

.009259 

92.5 

3.5 

.05 

29 A 

-.053140 

85.4 

4.6 

.07 

27 A 

-.082327 

78.7 

5.2 

.10 

25 A 

-.084138 

72.5 

5.4 

.10 

23 A 

-.064010 

66.8 

5.1 

.09 


-.026973 

61.4 

4.5 

.07 

19 A 

.022343 

56.5 

3.5 

.03 

17 A 

.079710 

| 

52.0 

2.0 


1S A 

.141304 

48.0 



35 A 

.112069 

100 

1.7 

.01 

33 A 

.011494 

93.0 

3.1 

.04 

3 A 

-.051092 

86.4 

4.0 

.06 
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= 9 A—Continued 


13 Coni . 


2 J^ 

2 ^2 

2 H 

- 0.081379 
-.084713 
- .066092 
-.030172 

2 H 

1 0A 

.018736 

/2 

.viUuuI 

ll A 

.140000 

3 A 

.112903 

3 A 

.013441 

3 3 A 

- .049283 

3 A 

-.080496 


-.085125 

2 ^2 

-.067719 

2 ^ 

- .032855 


.015681 

2 H 

.074074 


.138889 

3^ 

.113636 


.015152 

3 ^ 

-.047675 

3 A 

-.079676 

3 'A 

- .085423 

29 A 

-.069227 

21 A 

- .035136 

2 A 

.013062 

23 A 

.071839 

2 A 

.137931 

4 A 

.114286 

3 A 

.016667 

3 A 

-.046236 

3 A 

-.078917 

3 A 

- .085637 

3 A 

-.070430 

29 A 

- .037097 

2 A 

.010791 

2 A 

.069892 

23 A 

.137097 




01 

3 

4 

6 

6 
pr 

o 
4 
2 


01 
2 
4 

4 

5 
4 
3 
1 


2 

3 

4 
4 
3 
2 

01 
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Table A. 10a. Energies and relative intensities of nuclear quadruple 

hyperfine structure— Continued 


J 


17 


18 


19 


20 


F 


43 A 

4 A 

3 % 

31 A 

35 A 

33 A 

3 H 

2 7 A 
25 A 

45 A 
43 A 
4 A 
39 A 
37 A 
35 A 
33 A 
3 K 
29 A 


7 A 


Relative Intensity 
/->/+! 


Y(F) 


F-+F+1 FF F-> F - 1 


7 = 9 A—Continued 


0.114865 
.018018 
-.044943 
-.078215 
-.085790 
-.071458 
-.038800 
.008804 
.068182 
.136364 

.115385 
.019231 
-.043773 
-.077564 
-.085897 
-.072344 
-.040293 
.007051 
.066667 
.135714 


100 

94.8 

89.9 

85.2 
80.7 

76.4 

72.3 

68.5 

64.9 

61.5 


100 

1.1 

0.01 

94.5 

2.0 

.01 

89.3 

2.6 

.02 

84.4 

2.9 

.03 

79.7 

3.0 

.03 

75.2 

2.9 

.03 

71.0 

2.6 

.02 

67.0 

2.0 

.01 

63.2 

1.1 


59.8 




1.0 

1.8 

2.3 

2.7 

2.8 

2.7 
2.3 

1.8 
1.0 


.01 

.01 

.02 

.02 

.02 

.02 

.02 

.01 


47 A 

.115854 

100 

0.9 

.00 

45 A 

.020325 

95.1 

1.6 

.01 

43 A 

-.042710 

90.4 

2.1 

.02 

4 A 

-.076961 

85.9 

2.4 

.02 

3 H 

-.085970 

81.6 

2.5 

.02 

3 14 

-.073116 

77.5 

2.4 

.02 

35 A 

-.041612 

73.6 

2.1 

.01 

33 A 

.005493 

69.9 

1.6 

.01 

3 'A 

.065315 

66.4 

0.9 


29 A 

.135135 

63.1 



49 A 

.116279 

100 

0.8 

o 

o 

• 

47 A 

.021318 

95.3 

1.5 

.01 

4 A 

-.041741 

90.8 

1.9 

.01 

43 A 

-.076401 

86.5 

2.2 

.02 

4 A 

-.086017 

82.4 

2.3 

.02 

39 A 

-.073792 

78.4 

2.2 

.01 

37 A 

-.042785 

74.7 

1.9 

.01 

35 A 

.004100 

71.1 

1.5 

.01 

3 3 A 

.064103 

67.7 

0.8 


3 A 

.134615 

64.5 
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Table A.10c. Second-order effects Eq ^ of nuclear quadrupole interactions 
in linear or symmetric-top molecules, evaluated from Eqs. 2.84 and 2.85 in 
text. Numerical calculations were made by J. W. Simmons and 

W. E. Anderson 




All factors in table to be multiplied by ^ 

ML' x ,, 

- 3 ] 






I = 

* to 




J 

F 

o 

II 

* 

K = 1 

II 

* 

K = 3 

II 

K = 5 

K = 6 

0 

to 

-10.4167 







1 

to 

- 6.0000 

-9.4688 







to 

-2.2500 

-10.8750 







to 

0.0000 

-11.7188 






2 

to 

-4.0999 

-5.6487 

-7.2885 






to 

-2.1866 

2.4561 

-3.8875 






to 

10.4167 

5.2082 

-10.4170 






Vi 

0.0000 

11.7188 

0.0000 





3 

to 

- 3.0864 

-3.8520 

-5.3818 

- 5.3758 





to 

-1.9290 

0.2170 

3.4721 

1.7119 





to 

6.0000 

3.4466 

-2.6042 

-7.3244 





to 

2.2500 

5.6668 

10.4170 

0.0000 




4 

'to 

-2.4652 

-2.8917 

-3.9090 

-4.7287 

-4.0384 




to 

-1.6904 

-0.5944 

1.8570 

3.1549 

-0.8835 




to 

4.0998 

2.8205 

-0.4613 

-4.0782 

- 5.2500 




to 

2.1866 

3.5660 

6.4915 

7.3240 

0.0000 



5 

'to 

-2.0482 

- 2.3084 

- 2 . 9800 

-3.7373 

-4.0366 

-3.1171 



'to 

-1.4935 

-0.8679 

0.7160 

2.3783 

2.6536 

-0.5096 



to 

3.0864 

2.3715 

0.4443 

-2.0424 

- 4.0004 

-3.9066 



% 

1.9290 

2.6111 

4.2779 

5.7901 

5.2500 

0.0000 


6 

i to 

-1.7500 

-1.9198 

-2.3779 

-2.9701 

-3.4395 

-3.4265 

-2.4684 


'to 

-1.3333 

-0.9447 

0.0971 

1.4220 

2.4120 

2.2022 

-0.3188 


'to 

2.4652 

2.0288 

0.8175 

-0.8767 

-2.5661 

-3.5684 

- 3.0065 


to 

1.6904 

2.0749 

3 . 0805 

4.2634 

4.8839 

3 . 9066 

0 . 0000 





1 = 

to 




0 

to 

- 5 . 8333 







1 

to 

- 2 . 8930 

-6.1475 







to 

-2.0829 

- 3 . 6386 







to 

-0.5400 

- 8 . 2350 






2 

to 

- 1 . 8039 

-3.1402 

-4.8439 






to 

1 . 8039 

2 . 6858 

-0.8261 






to 

4.9478 

0 . 0657 

- 3 . 9850 






to 

-0.1968 

5.6991 

-5.1118 






to 

0.0000 

-0.8333 

-2.0832 





3 

'to 

-1.2767 

-1.9108 

-3.2421 

-3.5571 





to 

-1.4773 

0.3006 

3.1402 

-0.4417 





to 

2.0002 

0.7866 

-1.6667 

-1.7969 





to 

1.8072 

1.7500 

0.7640 

-3.5926 





to 

0.5400 

1.7341 

3.0208 

-2.6368 





to 

0 . 0000 

0.8333 

2 . 0833 

0 . 0000 




4 

'to 

-0.9753 

-1.3193 

-2.1601 

-2.9227 

- 2 . 6497 




'to 

- 1 . 2289 

-0.4042 

1.4534 

2.4952 

-0.3603 




to 

0.9756 

0.6127 

-0.2797 

-1.1141 

-0.9101 




to 

1.5081 

1.2013 

0.3300 

- 0 . 9597 

-2.4238 




to 

0 . 8856 

1 . 2000 

1.7349 

1.2654 

- 2 . 2500 




to 

0.1968 

0.7918 

2.0910 

2.6368 

0 . 0000 



5 

'to 

-0.7835 

-0.9894 

-1.5290 

-2.1682 

-2.5167 

-2.0281 



'to 

-1.0446 

-0.6066 

0.5031 

1.6706 

1.8734 

-0.3198 



'to 

0.5225 

0.3992 

0.0704 

-0.3410 

-0.6301 

-0.5106 



to 

1.1840 

0.9640 

0 . 3562 

-0.4822 

-1.2888 

-1.6970 



to 

0.8928 

0.9656 

1.0935 

1.0039 

0 . 2435 

-1.8228 



to 

0.2756 

0.6230 

1.4861 

2.3272 

2 . 2500 

0 . 0000 


6 

'to 

-0.6519 

-0.7844 

-1.1456 

- 1 . 6258 

-2.0431 

-2.1421 

-1.5948 

'to 

- 0 . 9052 

-0.6482 

0.0404 

0.9144 

1.5623 

1.4089 

— 0 • 28oo 


1 

0.2900 

0.2466 

0.1258 

0.0453 

- 0 . 2204 

-0.3361 

— 0.309* 

m A A A A 


'to 

0.9468 

0.8020 

0.3961 

-0.1836 

-0.7938 

-1.2316 

— 1.2380 

m a A i 1 


96 

0 . 8283 

0.8321 

0.8202 

0 . 7229 

0.4239 

- 0 . 2394 

— 1.4/62 

A A A f~\ A 


to 

0.2958 

0.5081 

1 . 0693 

1.7527 

2.1803 

1.8228 

o . oooo 
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Table A.11. Zeeman coefficients 


Values of aj = **'^ ^ - FI + _ 1) ure ta j )U | atw i f or j = j through 10, and / = 1, •}•:>, H. Vt. and ? 

2 F{F + l) 


The quantity aj = 


F[F + 1) + /(/ + 1) - J(J + 1 > 
2F{F + 1) 


can 


Ik- obtained by subtracting these values from unity. 


a/ = 1 — aj. 



\ J 

V \ 

i 

2 

3 

4 

*» 

5 

G 

7 

8 

9 

10 

r \ 

j - i 


1.5000 

1.3333 

1.2500 

1.2000 

1.1667 

1.1428 

1.1250 

1.1111 

1.1000 

j 

0.5000 

0.8333 

0.9167 

0.9500 

0.9667 

0.9762 

0.9821 

0.9861 

0.9889 

0.9909 

J + i 

0.5000 

0.6667 

0.7500 

0.8000 

0.8333 

0.8572 

0.8750 

0.8889 

0.9000 

0.9091 


i = y> 


J-M 


2.0000 

1.6000 

1.4286 

J -Yi 

-0.6667 

—0.8000 

0.9714 

1.0159 

J + 'A 

0.2667 

0.6286 

0.7619 

0.8283 

J + Vs 

0.4000 

0.5714 

0.6667 

0.7273 


1.3333 

1.2728 

1.2308 

1.2000 

1.1765 

1.1579 

1.0303 

1.0349 

1.0359 

1.0353 

1.0341 

1.0326 

0.8671 

0.8923 

0.9098 

0.9226 

0.9324 

0.9399 

0.7692 

0.8000 

0.8235 

0.8421 

0.8571 

0.8695 


J ~ Vi 



2.6667 

/ 

2.0000 

j-y 


-1.3333 

0.9333 

1.8571 

J - H 


0.1333 

0.6857 

0.8571 

j + 

-0.4000 

0.3429 

0.6032 

0.7273 

J + +2 

0.1143 

0.4127 

0.5657 

0.6573 

J + y 

0.2857 

0.4444 

0.5455 

0.6154 

J- 7 A 




/ 

3.3333 

J -'+2 



-2.0000 

1.0667 

J - K 



0.0000 

0.7429 

J -'A 


-0.8000 

0.2857 

0.6349 

J + Vi 


-0.0571 

0.3810 

0.5859 

J + A 

-0.2857 

0.1905 

0.4242 

0.5594 

J + H 

0.0635 

0.3030 

0.4470 

0.5436 

J + Vs 

0.2222 

0.3636 

0 4015 

0.5333 


1.7143 

1.5556 

1.4546 

1.3846 

1.3334 

1.2941 

1.1746 

1.1718 

1.1608 

1.1487 

1.1373 

1.1269 

0.9293 

0.9650 

0.9846 

0.9960 

1.0030 

1.0075 

0.7972 

0.8410 

0.8705 

0.8916 

0.9073 

0.9192 

0.7179 

0.7607 

0.7925 

0.8170 

0.8364 

0.8521 

0.6667 

0.7058 

0.7368 

0.7619 

0.7826 

0.7999 




2.0667 

2.0000 

1.7778 

1.6364 

1.5385 

1.4667 

1.3143 

1.3333 

1.3131 

1.2867 

1.2616 

1.2392 

0.9524 

1.0303 

1.0629 

1.0769 

1.0824 

1.0836 

0.7879 

0.8671 

0.9128 

0.9412 

0.9598 

0.9725 

0.6993 

0.7692 

0.8157 

0.8483 

0.8722 

0.8903 

0.6462 

0.7059 

0.7493 

0.7820 

0.8075 

0.8278 

0.6118 

0.6626 

0.7018 

0.7330 

0.7583 

0.7793 

0.5882 

0.6310 

0.6007 

0.6957 

0.7200 

0.7408 


J — 

J - l<. 

J _ 

J — y> 
j - y. 



J + Vs 


-0. 

J + 32, 


-0. 

J + Vi 

— 0.2222 

0 . 

J + v> 

0.0404 

0. 

J + Vi 

0.1818 

0 . 


i 



-1.2000 

- 2.6667 

-0.1333 

0.2286 


-0.2286 

0.3492 

5714 

0.0952 

0.4040 

0952 

0.2424 

0.4336 

1212 

0.3217 

0.4513 

2378 

0.3692 

0.4627 

3077 

0.4000 

0.4706 





4.0000 

2.8000 

2.2857 

1.2000 

1.4857 

1.4921 

0.8000 

1.0477 

1.1313 

0.6667 

0.8485 

0.9371 

0.6061 

0.7413 

0.8205 

0.5734 

0.6769 

0.7451 

0.5538 

0.6353 

0.6935 

0.5412 

0.6068 

0.6567 

0.5325 

0.5865 

0.6294 

0.5263 

0.5714 

0.6087 


2.0000 

1.8182 

1.6923 

1.4546 

1.4126 

1.3744 

1.1609 

1.1693 

1.1687 

0.9846 

1.0118 

1.0279 

0.8706 

0.9040 

0.9274 

0.7926 

0.8271 

0.8530 

0.7369 

0.7702 

0.7965 

0.6957 

0.7270 

0.7526 

0.6644 

0.6933 

0.7178 

0.6400 

0.6667 

0.6897 




BIBLIOGRAPHY 


Gases 


Pre-1946 


101 Cleeton, C. E., and Williams, N. H. 

102 Van Vleck, J. H., and Weisskopf, 

V. F. 


Phys. Rev. 45, 234 
(1934) 

Revs. Modern Phys. 
17, 227 (1945) 


1946 


201 Becker, G. E., and Autler, S. H. 

202 Beringer, R. 

203 Bleaney, B. 

204 Bleaney, B., and Penrose, R. P. 


205 Coles, D. K., and Good, W. E. 


Phys. Rev. 70, 300 
Phys. Rev. 70, 53 
Physica 12, 595 
Nature 157, 339; 
Phys. Rev. 70, 
775L 

Phys. Rev. 70, 979L 


206 Dailey, B. P.; Kyhl, R. L.; Strand- 

berg, M. W. P.; Van Vleck, J. H.; 
and Wilson, E. B., Jr. 

207 Dakin, T. W.; Good, W. E.; ami 

Coles, D. K. 

208 Dicke, R. H. 

209 Dicke, R. H.; Beringer, R.; Kyhl, 

R. L.; and Vane, A. B. 

210 Foley, H. M. 


Phys. Rev. 70, 984L 

Phys. Rev. 70, 560L 

Rev. Sci. Instr. 17, 
268 

Phys. Rev. 70, 340 
Phys. Rev. 60, 616 


211 


Frohlich, H. 


Nature 157, 478 


212 Good, W. E. 

213 Hadley, L. X., and Den nison, I). 

M. 

214 Hainer, H. M.; King, G. \V.; and 

Cross, P. C. 

215 Hershberger, W. D. 


Pit ys. Rev .60, 5311L; 

70, 109A, 213 
Phys. Rev. 70, 780L 

Phys. Rev. 70, 108A 

J. Appl. Phys. 17, 
495 


NH 3 

Press, broad. 

theory 

% 


Cavity, IDO 

0 2 

Review 

NH 3 


NH 3 Stark, Zee- 
man, quad, 
coup. 

NH 3 nuclear 
quad. mom. 

DCS Stark effect 

Radiometer 

Radiometer 
meas. H 2 O 
Press, broad. 

phase shift 
Dielect ric relax¬ 
ation, theory 
NH:| 


NH3 theory 

Predicted lines 

Various gases 
mod. press. 


407 



408 


BIBLIOGRAPHY 


216 Hershberger, W. D.; Bush, E. T.; RCA Rev. 7, 422 

and Leek, G. W. 

217 Lamb, W. E., Jr. Phys. Rev. 70 , 308 


218 Pound, R. V. 

219 Roberts, A.; Beers, Y.; and Hill, 

A. G. 

220 Townes, C. H. 

221 Townes, C. H., and Merritt, F. R. 

222 Walter, J. E., and Hershberger, W. 

D. 


Rev. Sci. Instr. 17, 
490 

Phijs. Rev. 70, 112A 

Phys. Rev. 70, 109A, 
665 

Phys. Rev. 70, 558L 
J. Appl. Phys. 17, 
814 


Thermal, acous¬ 
tic effects in 
gases 

Cavity spectrom¬ 
eter, theory 

Freq. stabilizer 

Cs 

NHaline breadth, 
sat. effect 

H 2 0, HDO 

Gases, general 


1047 


301 

Beard, C. I., and Dailey, B. P. 

J. Chem. Phys. 15 , 
762L 

IIN CS, DNCS 

302 

Bleaney, B., and Penrose, R. P. 

Proc. Roy. Soc. 
{London) A 189, 
358; Proc. Phys. 
Soc. ( London ) 59, 
418 

NH 3 , high press 

303 

Carter, R. L., and Smith, W. V. 

Phys. Rev. 72, 

1265L 

Freq. markers 

304 

Coles, D. K.; Elyash, E. S.; and 
Gorman, J. G. 

Phys. Rev. 72, 973L 

N 2 0 

305 

Coles, D. K., and Good, W. E. 

Phys. Rev. 72, 157A 

Stark, Zeeman 

306 

Dailey, B. P. 

Phys. Rev. 72, 84L 

CH 3 OII 

307 

Dailey, B. P.; Golden, S.; and Wil¬ 
son, E. B., Jr. 

Phys. Rev. 72, 871L 

S0 2 

308 

Dailey, B, P., and Wilson, E. B., Jr. 

Phys. Rev. 72, 522A 

S0 2 , CH 3 OII, 

CH 3 NO 2 

309 

Dakin, T. W.; Good, W. E.; and 
Coles, D. K. 

Phys. Rev. 71, 640L 

OCS 

310 

Feld, B. T. 

Phys. Rev. 72, 

1116L 

Quad, interac¬ 
tions defini¬ 
tions 

311 

Foley, H. AI. 

Phys. Rev. 72, 504 

Quad, effects 

312 

George, W. D.; Lyons, H.; Free¬ 
man, J. J.; and Shaull, J. M. 

NBS Report CR- 
PL-8-1 

Freq. standard 

313 

Good, W. E., and Coles, D. K. 

Phys. Rev. 71, 383L 

N 14 H 3 ; N 16 H 3 

314 

Good, W. E., and Coles, D. K. 

Phys. Rev. 72, 157A 

Precision freq. 

meas. 

315 

Gordy, W., and Kessler, M. 

Phys. Rev. 71, 640L 

NH 3 , hyperfine 

316 

Gordy, W., and Kessler, M. 

Phys. Rev. 72, 644L 

Detection sys¬ 
tems 

317 

Gordy, W.; Simmons, J. W.; and 
Smith, A. G. 

Phys. Rev. 72, 344L 

CH 3 CI, CH 3 Br 



GASES: 1947 


409 


318 Gordy, W.; Smith, A. G.; and Sim¬ 

mons, J. W. 

319 Gordy, W.; Smith, W. V.; Smith, 

A. G.; and Ring, H. 

320 Hershberger, W. D., and Turke- 

vitch, J. 

321 Hillger, R. E.; Strandberg, M. W. 

P.; Wentink, T., Jr.; and Kyhl, 
R. L. 

322 Hughes, R. H., and Wilson, E. B., 

Jr. 

323 Hunt, L. E. 

324 Jauch, J. M. 

325 Jen, C. K. 

320 King, G. W. 


327 King, G. W., and Hainer, R. M. 

328 King, G. W.; Hainer, R. M.; and 

Cross, P. C. 

329 Lamb, W. E., Jr., and Retherford, 

R. C. 

330 Nielsen, H. H., and Dennison, D. 

M. 

331 Pond, T. A., and Cannon, W. F. 

332 Pound, R. V. 

333 Ring, H.; Edwards, H.; Kessler, 

M.; and Gordy, W. 

334 Roberts, A. 

335 Smith, W. V. 

330 Smith, W. V., and Carter, R. L. 

337 Smith, W. V.; de Quevedo, J. L. G.; 

Carter, R. L.; and Bennett, W. S. 

338 Strandberg, M. W. P.; Kyhl, R.; 

Wentink, T., Jr.; and Hillger, R. 
E. 

339 Talpey, R. G., and Goldberg, H. 

340 Townes, C. II. 

341 Townes, C. IT; Holden, A. N.; Bar¬ 

deen, J.; and Merritt, F. R. 

342 Townes, C. H.; Holden, A. N.; and 

Merritt, F. R. 


Phys.Rev.71, 9.17L; CH 3 I 

72, 249L 

Phys. Rev. 72, 259L BrCN, ICN 

Phys. Rev. 71, 554L CH 3 OH, 

CH3NH2 

Phys. Rev. 72, 157A OCS 


Phys. Rev. 71, 502L Stark spectrom¬ 
eter 

Proc. IRE 35, 979 Freq. stand. 
Phys. Rev. 72, 715, NH 3 , theor. 

535A Stark 

Phys. Rev. 72, 98GL Zeeman, NH 3 

cavity 

J. Chem. Phys. 15, Asym. rotor cor- 
820 respondence 

principle 

Phys. Rev. 71, 135A 1.3-cm. HDO 

ident. 

Phys. Rev. 71, 433 Predicted micro. 

lines 

Phys. Rev. 72, 241 Lamb shift 

Phys. Rev. 72, SOL, NH 3 anomalies 

1101 

Phys. Rev. 72, Saturation 

1121L 

Proc. IRE 35, 1405 Freq. stab. 

Phys. Rev. 72, CH 3 CN, CH 3 NC 

12G2L 

Nucleonics 1, 10, Review 

October 

Phys. Rev. 71, 12GL Spin from Stark 
Phys. Rev. 72, 038L Saturation effect 
J. Appl. Phys. IS, Freq. stab. 

1112 

Phys. Rev. 71, 32GL, NH 3 
erratum 039L 

Proc. IRE 35, 905 Freq. standard 
Phys. Rev. 71, 909L Quad, mom., 

d 2 V/dz 2 

Phys. Rev. 71, G44L, Quad, mom., 
erratum 829L spin Br, Cl, N 

Phys. Rev. 71, 04L, Mass ratios 

479A; 72, 513L, ^-doubling lin- 

740A ear molecules 



410 


BIBLIOGRAPHY 


343 

344 

345 

346 

347 

348 

349 

350 

351 

401 

402 

403 

404 

405 

406 

407 

408 

409 

410 

411 

412 

413 

414 

415 

416 


Townes, C. H., and Merritt, ] 

Van Vleck, J. H. 

Van Vleck, J. H. 

Van Vleck, J. H. 

Watts, R. J., and Williams, D 

Watts, R. J., and Williams, D 

Watts, R. J., and Williams, 

Weidner, R. T. 

Williams, D. 


. R. Phys. Rev. 72, 

1266L 

Phys. Rev. 71, 413 
Phys. Rev. 71, 425 
Phys. Rev. 71, 468A 

Phys. Rev. 71, 639L; 

72, 157A, 263 
Phys. Rev. 72, 

1122L 

Phys. Rev. 72, 980L 

Phys. Rev. 72, 

1268L 

Phys. Rev. 72, 974L 


1948 


Bardeen, J., and Townes, C. H. 


Bleaney, B. 


Bleaney, B., and Loubser, J. H. N. 
Bleaney, B., and Penrose, R. P. 

Bleaney, B., and Penrose, R. P. 

Bragg, J. K. 

Carter, R. L., and Smith, W. V. 
Coates, It. J. 

Coles, D. K. 

Cunningham, G. L.; LeVan, W. I.; 

and Gwinn, W. D. 

Dailey, B. P.; Rusinow, K.; Shul- 
man, R. G.; and Townes, C. H. 
Edgell, W. F., and Roberts, A. 

Fano, U. 

Foley, H. M. 

Freymann, M.; Freymann, R.; and 
LeBot, J. 

Gilliam, O. R.; Edwards, H. D.; 
and Gordy, W. 


Phys. Rev. 73, 97, 
627, erratum 
1204L 

Reports on Progress 
in Physics XI, 
178 

Nature 161, 522 

Proc. Phys. Soc. 
{London) 60, 83 

Proc. Phys. Soc. 

( London) 60, 540 

Phys. Rev. 78, 

1250A; 74, 533 

Phys. Rev. 73, 1053; 
74, 123A 

Rev. Sci. Inslr. 19, 
586 

Phys. Rev. 74, 

1194L 

Phys. Rev. 74, 

1537L 

Phys. Rev. 74, 

1245A 

J. Chern. Phys. 16, 
1002L 

J. Research NBS 40, 
215 

Phys. Rev. 73, 259L 

J. Phys. et Radium 
9, 1D-60D 

Phys. Rev. 73, 635L 


Stark eff., high 
freq. 

0 2 

H 2 0 

Quad, coup., 
sym. top 
NH 3 , quad. 

coupling 
Double modula¬ 
tion 

Stark spectrom¬ 
eter 

IC1 

NH 3 

Quad, effects 

Review 

NH 3 to 6 atm. 
Sat. effect 

Gas mixtures 

Quad. mom. 

asym. tops 
Sat. effect 

Grating spec¬ 
trometer 
CH 3 OH 

Ethylene oxide 

AsF 3 

CH 3 CF 3 

Stark, quad. 

mom. lin. mol. 
Press, broad. 
Review 

CH 3 I, ICN 

anomalies 



GASES: 1948 


417 

Golden, S. 

./. Chcm. Phys. 16, 
78, 250, erratum 
77, 586L (1949) 

418 

Golden, S.; Wentink, T., .Ir.; Hillger, 
R. E.; and Strandberg, M. W. P. 

Phys. Rev. 73, 92F 

419 

Golden, S., and Wilson, E. B., Jr. 

J. Chetn. Phys. Id, 
(369 

420 

Gordy, W. 

Revs. Modern Phys. 
20, (3(38 

421 

Gordy, W.; Ring, IF; and Burg, 

Phys. Rev. 7 4 , 


A. B. 

1191L, erratum 
75, 208F (1949) 

422 

Gordy, W.; Simmons, J. W.; and 
Smith, A. G. 

Phys. Rev. 74, 243 

423 

Henderson, II. S. 

Phys. Rev. ?4, 107F, 
erratum 626L 

424 

Henderson, R. S., and Van Vleck, 

J. IF 

Phys. Rev. 74 , 100L 

425 

Hershberger, \V. J). 

./. Appl. Phys. 19, 
411; Phys. Rev. 
73, 1249A 

42(3 

Hershberger, W. D., and Norton, 
L. E. 

RCA Review 0, 38 

427 

Jabloriski, A. 

Phys. Rev. 73, 258L 

428 

Jauch, J. M. 

Phys. Rev. 74, 

12(32 A 

429 

Jen, C. K. 

Phys. Rev. 73, 

1248 A; 74, 

1246A, 139G 

430 

Karplus, It. 

Phys. Rev. 73, 1027 

431 

Karplus, It. 

Phys. Rev. 73, 
1120L; 74 , 223L 

432 

Karplus, It. 

./. Chetn. Phys. 16, 

1170L 

433 

Karplus, It., and Schwinger, J. 

Phys. Rev. 73, 1020 

434 

Kessler, M., and Gordy, W. 

Phys. Rev. 74, 123A 

435 

Knight, G., and Feld, B. T. 

Phys. Rev. 74, 354A 

436 

Lamont, H. It. L. 

Phys. Rev. 74, 353 L 

437 

Merritt, F. It., and Townes, C. IF 

Phys. Rev. 73, 

1249A 

438 

Mizushima, M. 

Phys. Rev. 74, 705F 

439 

Nierenberg, W. A.; ltabi, I. I.; and 
Slotnick, M. 

Phys. Rev. 73, 1430 

440 

Nierenberg, W. A., and Slotnick, M. 

Phys. Rev. 74, 

1246A 

441 

de Quevedo, J. L. G., and Smith, 

J. Appl. Phys. 19, 


W. V. 

831 


411 

Asympt. ener¬ 
gies, asym. top 

H 2 O Stark 

Stark effect rigid 
asym. top 
Review 

BH3CO 

Methyl halides 

NH3 fine st rue. 

(mag. effects) 
Electron spins in 
rot. poly. mol. 
Min. detectable 
absorption 

Freq. stab. 

Press, broad. 
NH 3> spin-orbit 
interaction 
CII3CI Zeeman 
mag. mom. 

Freq. mod. 

Sat. effects 

Energy of rot. 
mol. 

Sat. effects 
.\ I icrowave spec¬ 
trometer 
Quad. mom. 

asym. top 
O 2 , atmos. abs.; 

line breadth 
Stark effect, high 
freq. 

NH 3 

Stark effect di¬ 
atomic mol. 
Stark effect 

Spectral line freq. 
stab. 



412 


BIBLIOGRAPHY 


442 Richards, P. I., and Snyder, H. S. 

443 Roberts, A. 

444 Sharbaugh, A. H. 

445 Shulman, R. G.; Dailey, B. P.; and 

Townes, C. H. 

446 Simmons, J. W., and Gordy, W. 

447 Simmons, J. W.; Gordy, W.; and 

Smith, A. G. 

448 Smith, A. G.; Ring, H.; Smith, W. 

V.; and Gordy, W. 

449 Smith, A. G.; Ring, H.; Smith, W. 

V.; and Gordy, W. 

450 Smith, D. F. 

451 Snyder, H. S., and Richards, P. I. 

452 Strandberg, M. W. P. 

453 Strandberg, M. W. P.; Wentink, 

T., Jr.; Hillger, R. E.; Wannier, 
G. H.; and Deutsch, M. L. 

454 Strandberg, M. W. P., and Wen¬ 

tink, T., Jr. 

455 Townes, C. H. 

456 Townes, C. H., and Geschwind, S. 

457 Townes, C. H., and Geschwind, S. 

458 Townes, C. H.; Holden, A. N.; and 

Merritt, F. R. 

459 Townes, C. H.; Merritt, F. R.; and 

Wright, B. D. 

460 Unterberger, R. R., and Smith, W. 

V. 

461 Watts, It. J.; Pietenpol, W. J.; 

Rogers, J. D.; and Williams, D. 

462 Weidner, R. T. 

463 Weingarten, I. It. 

464 Wentink, T., Jr.; Strandberg, M. W. 

P.; and Hillger, R. E. 

465 Wick, G. C. 

466 Witmer, E. 


Phys. Rev. 73, 269L 

Sat. effects 

Phys. Rev. 73, 

OC 14 S, /-doubling 

1405L 

C 14 spin 

Phys. Rev. 74, 

SiH 3 Cl 

1870L 

Phys. Rev. 74, 846L 

Ethylene oxide 

Phys. Rev. 73, 713; 

nh 3 

74, 123A 

Phys. Rev. 74, 

Methyl halides 

1246A 

Phys. Rev. 73, 633L 

N 2 0, icn 

Phys. Rev. 74, 123A, 

Cyanogen halides 

370 

Phys. Rev. 74, 506L 

NH 3 , press, 
broad. 

Phys. Rev. 73, 1178 

Sat. effects 

Phys. Rev. 74, 

D 2 0 

1245A 

Phys. Rev. 73, 188L 

HDO 


Phys. Rev. 73, 

OCSe 

1249A 

Phys. Rev. 74, 

Quad. mom. N 14 

1245A 

Jl27 

Phys. Rev. 74, 626L 

s 33 

J. Appl. Phys. 19, 

Spectrometer 

795L 

sensitivity 

Phys. Rev. 74, 1113 

Linear XYZ mol. 

Phys. Rev. 73, 

IC1 

1249A, 1334 

Rev. Sci. Instr. 19, 

Freq. standard 

580 

Phys. Rev. 74, 

Sat. effects 

1246A 

Phys. Rev. 73, 254L 

IC1 

Columbia Rad. Lab. 

NH 3 , high pres¬ 

Report, May 1 

sures 

Phys. Rev. 73, 

OCSe Stark 

1249A 

Phys. Rev. 73, 51 

Mag. field of rot. 
mol. 

Phys. Rev. 74, 

Asym. top 

1247A, 1250A 



GASES: 1040 



1949 


501 

Anderson, P. W. 

Rhys. Rev. 75, 

1450L 

NTI 3 , high press. 

502 

Anderson, P. W. 

Phys. Rev. 76, 

471 A, 647 

Press, broad. 

503 

Bak, B.; Knudsen, E.; and Madsen, 

E. 

Rhys. Rev. 75, 

1622L 

Organic vapors 

504 

Beard, C. I., and Dailey, B. P. 

Rhys. Rev. 75, 

1318A 

HNCS, Stark 

505 

Beard, C. I., and Dailey, B. P. 

J. Am. Chem. Soc. 
71, 929 

CH 3 NCS, 

CH 3 SCN 

506 

Beringer, R., and Castle, J. G. 

Rhys. Rev. 75, 

1963L 

O 2 

507 

Bianco, D.; Matlack, G.; and Rob¬ 
erts, A. 

Rhys. Rev. 76, 473A 

OCS, CH 3 CI 

508 

Bragg, J. K., and Golden, S. 

Rhys. Rev. 75, 735 

Quad. mom. 
asym. tops 

500 

Bragg, J. K., and Sharbaugh, A. H. 

Rhys. Rev. 75, 

1774L 

Formaldehyde 

510 

Cohen, V. W.; Koski, W. S.; and 
Wentink, T., Jr. 

Rhys. Rev. 76, 703L 

S 35 

511 

Coles, D. K., and Hughes, R. H. 

Rhys. Rev. 76, 178A 

N 2 O 

512 

Coles, D. K., and Hughes, R. H. 

Rhys. Rev. 76, 858L 

CF 3 CI 

513 

Cunningham, G. L.; Boyd, A. \V.; 
Gwinn, W. D.; and LeVan, W. I. 

J. Chetn. Rhys. 17, 

211 L 

Ethylene oxide 

514 

Dailey, B. P. 

Analyt. Chem. 21, 
540 

Chem. analysis 

515 

Dailey, B. P.; Mays, J. M.; and 
Townes, C. H. 

Rhys. Rev. 76, 136L 

GeHsCl; SiH 3 Cl, 

CH 3 CI 

516 

Dailey, B. P.; Mays, J. M.; and 
Townes, C. H. 

Phys. Rev. 76, 472A 

SiH 3 Cl 

517 

Dailey, B. P.; Minden, H.; and 
Shulman, R. G. 

Rhys. Rev. 75, 

1319A 

CH 3 CF 3 , torsion 

518 

Edwards, H. D.; Gilliam, O. R.; 
and Gordy, W. 

Rhys. Rev. 76, 196A 

CH 3 OH, 

CH 3 NH 2 

510 

Gilbert, D. A.; Roberts, A.; and 
Griswold, P. A. 

Rhys. Rev. 76, 

1723L 

FC1 

520 

Gilliam, O. R.; Edwards, H. D.; 

Rhys. Rev. 75, 

ch 3 f, chf 3 , 


and Gordy, W. 

1014; 76*, 195A 

pf 3 

521 

Golden, S., and Bragg, J. K. 

J. Chetn. Rhys. 17, 
439 

Asym. tops, de¬ 
generate levels 

522 

Goldstein, J. H., and Bragg, J. K. 

Rhys. Rev. 75, 

1453L 

CH 2 CHCI 

523 

Gordy, W.; Gilliam, O. R.; and Liv¬ 
ingston, R. 

Rhys. Rev. 76, 443L 

I 127 , l 129 mag. 
mom. 

524 

Gordy, W.; Ring, H.; and Burg, 
A. B. 

Rhys. Rev. 75, 

1325A 

BH 3 CO 

525 

Hainer, R. M.; Cross, P. C.; and 

J. Chem. Phys. 17, 

High-J asym. 


King, G. W. 

826 

tops 



414 


BIBLIOGRAPHY 


526 

Jen, C. K. 

Phys. Rev. 75, 
1319A; 76, 1494 

nh 3 , n 2 o 

Paschen-Back 

527 

Jen, C. K. 

Phys. Rev. 76, 471A 

H 2 0, HDO mag 
mom. 

528 

Karplus, R., and Sharbaugh, A. H. 

Phys. Rev. 75, 889L, 
erratum 1449L 

CH 3 C1 

529 

Lawrance, R. B.; Kyhl, R. L.; and 
Strandberg, M. W. P. 

Phys. Rev. 76, 472A 

ch 2 o 

530 

Lenard, A. 

Report, Iowa State 
Phys. Dept. 

Tables, Stark, 
Zeeman 

531 

Livingston, R.; Gilliam, 0. R.; and 
Gordy, W. 

Phys. Rev. 76, 149L 

I 129 , spin, quad, 
mom. 

532 

Loubser, J. H. N., and Townes, C. 
H. 

Phys. Rev. 76, 178A 

Magnetron har¬ 
monics, DI, 

nh 3 

533 

Low, W., and Townes, C. H. 

Plnjs. Rev. 75, 

1319A; 76, 1295 

Stark sym. top 

534 

Low, W., and Townes, C. H. 

Phys. Rev. 75, 529L, 
1318 A 

O 17 , S 36 

535 

Margenau, H. 

Phys. Rev. 76, 121, 
585A, 1423 

NH 3 , press, 
broad. 

536 

McAfee, K. B.; Hughes, R. IL; and 

Rev. Sci. Instr. 20, 

Stark spectrom- 


Wilson, E. B., Jr. 

821 

eter 

537 

Millman, G. H., and Raymond, R. 

J. Appl. Phys. 20, 

Several gases, 


C. 

413L 

moderate pres¬ 
sure 

538 

Mizushima, M. 

Phys. Rev. 76, 

1268L, erratum 

77, 149L 

Press, broad. 

539 

Mizushima, M. 

J. Phys. Soc. Japan 

4, 11, 191 

NH 3 

540 

Nielsen, H. H. 

Phys. Rev. 75, 

1961L 

CH 3 CN and 

ch 3 nc, 

/-doubling 

541 

Pietenpol, W. J., and Rogers, J. D. 

Phys. Rev. 76, 690L 

CH 2 Br 2 

542 

Roberts, A., and Edgell, W. F. 

J. Chem. Phys. 17, 
742L; Phys. Rev. 
76, 178A 

CH 2 CF 2 

543 

Sharbaugh, A. H.; Bragg, J. K.; 
Madison, T. C.; and Thomas, V. 

G. 

Sharbaugh, A. H.; Madison, T. C.; 
and Bragg, J. K. 

Phys. Rev. 76, 

1419L 

SiH 3 Br 

544 

Phys. Rev. 76, 

1529L 

New NH 3 lines 

545 

Sharbaugh, A. H., and Mattern, J. 

Phys. Rev. 75, 

1102L 

CH 3 Br 

546 

Shulman, R. G., and Townes, C. H. 

Phys. Rev. 75, 

1318A 

OCS, Stark 

546a Shulman, R. G.; Dailey, B. P.; and 
Townes, C. H. 

Phys. Rev. 76, 472A 

Dipole mom. 

547 

Simmons, J. W. 

Phys. Rev. 76, 686L 

CD 3 C1, cd 3 i 



GASES: 1949-1950 


415 


548 Smith, A. G.; Gordy, W.; Simmons, 

J. W.; and Smith, W. V. 

548a Smith, W. V., and Howard, It. 

549 Smith, W. V., and Unterberger, K. 

R. 

550 Strandberg, M. \V. P. 

551 Strandberg, M. W. P.; Meng, C. 

Y.; and Ingersoll, J. G. 

552 Strandberg, M. W. P.; Pearsall, C. 

S. ; and Weiss, M. T. 

553 Strandberg, M. W. P.; Wentink, 

T. ; and Hill, A. G. 

554 Strandberg, M. W. P.; Wentink, 

T., Jr.; and Kyhl, 11. L. 

555 Townes, C. H., and Aamodt, L. C. 

556 Townes, C. II., and Dailey, B. P. 


Phys. Rev. 75, 260 

Phys. Rev. 76, 473A 
J. Cliem. Phys. 17, 
1348L 

J. Cliem. Phys. 17, 
901 

Phys. Rev. 75, 1524 

J. Chem. Phys. 17, 
429L 

Phys. Rev. 75, 827 

Phys. Rev. 75, 270 

Phys. Rev. 76, 691 L 
J. Chem. Phys. 17, 
782 


557 

558 

559 


Townes, C. II.; Mays, J. M.; and 
Dailey, B. P. 

Van Vleck, J. II., and Margenau, 
H. 

Westenberg, A. A.; Goldstein, J. 
H.; and Wilson, E. B., Jr. 


Phys. Rev. 76, 700L 

Phys. Rev. 76, 585A, 

1211 

./. Chem. Phys. 17, 
1319; Phys. Rev. 
76, 472A 


3-5 mm. 
Press, broad. 

CHC1 3 
H DO 
O2 

BH 3 CO 

OCSe 


OCS 


Cl 36 

Electronic str. 
and quad, 
coupling 

Ge, Si, nucl. mo¬ 
ments 

Press, broad. 
CHCC1 


1950 


601 Amble, E., and Dailey, B. P. 

602 Anderson, P. W. 


603 Autler, S. H., and Townes, C. H. 

604 Baird, D. II.; Fristrom, It. M.; and 

Sirvetz, M. H. 

605 Bak, B.; Knudsen, E. S.; Madsen, 

E.; and Rastrup-Anderson, J. 

606 Bak, B.; Sloan, R.; and Williams, 

D. 

607 Beard, C. I., and Dailey, B. P. 


608 Beringer, It., and Castle, J. G., Jr. 

609 Bernstein, H. J. 


J. Chem. Phys. 18, 

H N 3 

1422L 

Phys. Rev. 80, 511 

NH 3 , quadrupole 
induced dipole 
interaction 

Phys. Rev. 78, 340A 

Resonant modu¬ 
lation 

Rev. Sci. Inslr. 21, 

Parallel plate, 

881L 

other Stark 
cells 

Phys. Rev. 79, 190L 

CH 2 CO 

Phys. Rev. 80, 101L 

SCSe 

J. Chem. Phys. 18, 

HNCS 

1437, erratum 19, 

975L (1951) 

Phys. Rev. 78, 340A, 

NO 

581 

J. Chem. Phys. 18, 

NO Cl 

1514L 



416 


BIBLIOGRAPHY 


610 

Bersohn, R. 

J. Chem. Phys. 18, 
1124L 

Quad, coupling, 
three nuclei 

611 

Birnbaum, G. 

Phys. Rev. 77, 144L 

NH 3 , dispersion 

612 

Bleaney, B., and Loubser, J. H. N. 

Proc. Phys. Soc. 

( London ) A 68, 

483 

High pressure, 

nh 3 , ch 3 ci, 

CH 3 Br 

613 

Bragg, J. K; Madison, T. C.; and 
Sharbaugh, A. H. 

Phys. Rev. 77, 148L, 
erratum 571L 

CH 2 CFCI 

614 

Burkhalter, J. H.; Anderson, R. S.; 
Smith, W. V.; and Gordy, W. 

Phys. Rev. 77, 152L; 
79, 224A, 651 

0 2 

615 

Castle, J. G., Jr., and Beringer, R. 

Phys. Rev. 80, 114L 

N0 2 

616 

Coester, F. 

Phijs. Rev. 77, 454 

Stark-Zeeman 

617 

Cohen, V. W.; Koski, W. S.; and 
Wentink, T., Jr. 

Phys. Rev. 77, 742A 

S 35 

618 

Coles, D. K. 

Advances in Elec¬ 
tronics II, 299 

Review 

619 

Coles, D. K.; Good, W. E.; and 
Hughes, R. H. 

Phys. Rev. 77, 741A 

$ 

CH 3 OH 

620 

Coles, D. K.; Good, W. E.; and 
Hughes, R. H. 

Phys. Rev. 79, 224A 

CH 3 CN 

621 

Cornwell, C. D. 

J. Chem. Phys. 18, 
1118L 

C 2 H 3 Br, bromo- 
diborane 

622 

Crawford, B. L., Jr., and Mann, 
D. E. 

A nnual Review of 
Physical Chemis¬ 
try I, 151 

Review 

623 

Eshbach, J. R.; Hillger, R. E.; and 

Phys. Rev. 80, 

S 33 nucl. moment 


Jen, C. K. 

1106L 

mag. 

624 

Fletcher, E. W., and Cooke, S. P. 

Cruft Laboratory 

ONR Report 64 

Freq. stab. 

626 

Geschwind, S.; Minden, H.; and 
Townes, C. H. 

Phys. Rev. 78, 174L; 
79, 226A 

Se isotopes 

627 

Gilbert, D. A., and Roberts, A. 

Phys. Rev. 77, 742A 

FC1 

628 

Gilliam, 0. R.; Johnson, C. M.; and 
Gordy, W. 

Phys. Rev. 78, 140 

CO; 2-3 mm 

629 

Goldstein, J. H., and Bragg, J. K. 

Phys. Rev. 78, 347A 

Double-bond 
character from 
quad, coupling 

630 

Good, W. E. 

\Vesiinghouse Labs. 
Sci. Paper 1538 

Techniques 

631 

Gordy, W.; Ring, H.; and Burg, A. 

Phys. Rev. 78, 512 

BH 3 CO 

632 

JlJ • 

Gordy, W., and Sheridan, J. 

Phys. Rev. 79, 224A 

Methyl mercuric 
halides 

633 

Grifting, V. 

J. Chem. Phys. 18, 
744 

Saturation effects 

634 

Hartz, T. R., and van der Ziel, A. 

Phys. Rev. 78, 473L 

Square-wave 


modulation 


635 Henry, A. F. Phys.Rev.79, 213A; O 2 Zeeman 

80, 396 

Phys. Rev. SO, 549 NO Zeeman 


636 Henry, A. F. 



GASES: 1950 


417 


G37 

Hershberger, W. D., and Norton, 

J. Franklin Inst. 

038 

L. E. 

Howard, R. R., and Smith, 

\Y. V. 

249, 359 

Phys. Rev. 77, 840L 

039 

Howard, It. R., and Smith, 

\Y r . V. 

Phys. Rev. 79, 128, 

040 

Hughes, R. PI. 


225A 

Weslinghouse Labs. 

041 

Jen, C. K. 


Sci. Paper 1530 
Phys. Rev. 78, 339A 

042 

Jones, L. C. 


Phys. Rev. 77, 741A 


043 Jones, L. H.; Shoolery, J. N.; Shul- 
man, II. G.; and Yost, D. M. 

044 Kessler, M.; King, H.; Trambarulo, 
R.; and Gordy, W. 

045 Kisliuk, 1\, and Townes, C. II. 

040 Kisliuk, P., and Townes, C. H. 

047 Kisliuk, P., and Townes, C. II. 

047a Klages, G. 

048 Lamb, W. E., Jr., and Skinner, M. 
049 Lawrance, It. B. 


J. Chem. Phys. 18, 
990L 

Phys. Rev. 79, 54 

Phys. Rev. 78, 347A 
./. ('hem. Phys. IS, 
1 109 

N PS Journal of Re¬ 
search 44, oil 
Experieniia 6, 321 
Phys. Rev. 78, 539 
Phys. Rev. 78, 347A 


GoO Lide, D. It., Jr., and Coles, D. K. 
051 Loubser, J. PI. N., and Klein, J. A. 
052 Low, W., and Townes, C. U. 


Phys. Rev. 80, 911L 
Phys. Rev. 78, 348A 
Phys. Rev. 79, 224A 


053 

054 

055 

050 

057 


Margenau, II., and Henry, A. 

Mat lack, G.; Glockler, G.; Bianco, 
D. It.; and Roberts, A. 

McAfee, K. B., Jr. 

Minden, H. T.; Mays, J. M.; and 
Dailey, B. P. 

Morgan, II. \Y\; Keilholtz, G. W.; 
Smith, \V. V.; and Soul hern, A. I,. 


Phys. Rev. 78, 587 
J. Chem. Phys. 18, 
332 

Phys. Rev. 78, 340A 
Phys. Rev. 78, 347A 

ORNL Report \- 
021 


058 

Nielsen, H. 11. 


Phys. Rev. 77, 130 

059 

Nielsen, II. H. 


Phys. Rev. 78, 290L 

000 

Nielsen, II. II. 


Phys. Rev. 78, 415 

001 

Pietenpol, W.; Rogers, J. D.; 
Williams, D. 

and 

Phys. Rev. 77, 741A 

002 

Pietenpol, W.; Rogers, J. D.; 
Williams, D. 

and 

Phys. Rev. 78, 480L 

062a 

Rogers, J. D.; Cox, II. L.; 
Braunschweiger, P. G. 

and 

Rev. Sci. Instr. 21, 

1014 


Servo theory sta¬ 
bilizer 

Temp. dep. of line 
widths 

Collision diam¬ 
eters 

Chem. analysis 

S 33 nucl. mag. 

moment 
Calc, of micro- 
wave line shifts 
UNCO 

OII 3 CN, CH 3 NC 

PC1 3 

AsCI :1 , PCla 

Spectra tables 

Review 
Ionized He 
CH 2 O, centr. dis¬ 
tortion 

CPl 3 SiH 3 , int. rot. 
ND 3 , mm region 
Fermi resonance 
OCS, OCSe 
NO 
CH 3 CI 

NO 2 

CH 3 SiF 3 

C1CN isotopic 
analysis 

Z-doub. CH 3 CN, 
OH 3 NO 
Z-doub. OGS, 
HCN 

Sym. tops, cen¬ 
trifugal distor¬ 
tion 

NOC1 

A sym. tops 
Freq. std. 


418 


BIBLIOGRAPHY 


i 


663 Rouse, A. G.; Bushkovitch, A. V.; 

Jones, L. C.; Potter, C. A.; and 
Sullivan, W. F. 

664 Senatore, S. J. 

665 Sharbaugh, A. H. 

666 Sharbaugh, A. H.; Pritchard, B. S.; 

and Madison, T. C. 

667 Sharbaugh, A. H.; Pritchard, B. S.; 

Thomas, V. G.; Mays, J. M.; and 
Dailey, B. P. 

668 Sharbaugh, A. H.; Thomas, V. G.; 

and Pritchard, B. S. 

669 Shaull, J. M. 

670 Sheridan, J., and Gordy, W. 

671 Sheridan, J., and Gordy, W. 

672 Sheridan, J., and Gordy, W. 

673 Sheridan, J., and Gordy, W. 

674 Shulman, R. G., and Townes, C. H. 

675 Shulman, R. G., and Townes, C. H. 

676 Shulman, R. G., and Townes, C. H. 

677 Shulman, R. G.; Townes, C. H.; and 

Dailey, B. P. 

678 Simmons, J. W., and Anderson, W. 

E. 

679 Simmons, J. W.; Anderson, W. E.; 

and Gordy, W. 

680 Simmons, J. VV., and Swan, W. O. 

681 Smith, D. F.; Tidwell, M.; and Wil¬ 

liams, D. V. P. 

682 Smith, D. F.; Tidwell, M.; and Wil¬ 

liams, D. V. P. 

683 Smith, W. V., and Howard, R. R. 

684 Southern, A. L.; Morgan, II. W.; 

Kielholtz, G. W.; and Smith, W. 
V. 

685 Townes, C. H., and Dailey, B. P. 

686 Townes, C. H., and Low, W. 

687 Trambarulo, R., and Gordy, W. 


Phys. Rev. 78, 347A 

Pressure shift 

Phys. Rev. 78, 293L 

pof 3 

Rev. Sci. Instr. 21, 

Stark spectrom¬ 

120 

eter 

Phys. Rev. 77, 302L 

CF 3 Br 

Phys. Rev. 79, 189L 

GeH 3 Br 

Phys. Rev. 78, G4L 

SiH 3 F 

Proc. IRE 38, 6 

Freq. time stand¬ 
ard 

Phys. Rev. 77, 719L 

Trifluorosilane 

derivatives 

Phys. Rev. 77, 292T, 

CF 3 Br, CF 3 I, 

cf 3 cn 

Phys. Rev. 79, 224A 

CH 3 CCBr 

Phys. Rev. 79, 513 

nf 3 

Phys. Rev. 77, 421L 

OCS, HCN 

Z-doub. 

Phys. Rev. 77, 500 

OCS dip. mom. 

Phys. Rev. 78, 347A 

HCN Z-doub. 
transitions 

Phys. Rev. 78, 145 

Dipole moments 

Phys. Rev. 80, 338 

Cent. dist. 
methyl halides, 
BrCN, ICN 

Phys. Rev. 77, 77; 

HCN 

Erratum 86, 1055 
(1952) 

Phys. Rev. 80, 289L 

CH 3 Bi* 

Phys. Rev. 77, 420L 

BrF 

Phys. Rev. 79, 

BrCl 

1007L 

Phys. Rev. 79, 132 

Collision diam., 
mol. quad mo¬ 
ments 

Phys. Rev. 78, 639A 

NH 3 , isotopic a li¬ 
ft b'si s 

Phys. Rev. 78, 346A 

Quad. coup, and 
ionic character 

Phys. Rev. 79, 198A 

Closed shells, 20 
nucleons 

Phys. Rev. 79, 224A 

cd 3 nc, cd 3 cn 



GASES: 1050-1951 


419 


688 

Trambarulo, R., and Gord}', W. 

Chem. Phys. 18, 
1613 

689 

Unterberger, R. R.; Trambarulo, 

J. Chem. Phys. 18, 


R.; and Smith, W. V. 

565L 

690 

Weiss, M. T.; Strandberg, M. W. 

P.; Lawrance, R. B.; and Loomis, 

C. C. 

Phys. Rev. 78, 202 

691 

Westenberg, A. A., and Wilson, E. 

J. Am. Chem. Soc. 


B., Jr. 

72, 199 

692 

Whiffen, D. H. 

Quarterly Reviews J, 

131 

693 

Williams, J. Q., and Gordy, W. 

J. Chem. Phys. 18, 
994 L 

694 

Williams, J. Q., and Gordy, W. 

Phys. Rev. 7.9, 225A 

695 

Wilson, E. B., Jr. 

Faraday Society 
Discussions 9, 

108 


105 

1 

701 

Amble, E. 

Phys. Rev. 82, 210A 

702 

Amble, E., and Schawlow, A. L. 

Phys. Rev. 82, 328A 

703 

Anderson, R. S.; Johnson, C. M.; 

Phys. Rev. 83, 


and Gordy, W. 

1061L 

704 

Anderson, li. S.; Smith, W. V.; and 
Gordy, W. 

Phys. Rev. 82, 264 L 

705 

Anderson, W. E.; Sheridan, J.; and 
Gordy, W. 

Phys. Rev. 81, 819 

706 

Anderson, W. E.; Trambarulo, R.; 
Sheridan, J.; and Gordy, W. 

Phys. Rev. 82, 58 

707 

Beringer, It., and Castle, J. G., Jr. 

Phys. Rev. 81, 82 

707a 

Burkhard, I). G., and Dennison, 

D. M. 

Phys. Rev. 8/,, 408 

708 

Coles, D. K.; Good, W. E.; Bragg, 

J. K.; and Sharbaugh, A. H. 

Phys. Rev. 82, 877 

708a 

Cornwell, C. I). 

ONR Report, Iowa 
State, January 1 

709 

Costain, C. C. 

Phys. Rev. 82, 108L 

710 

Crable, G. F., and Smith, W. V. 

./. ('hetn. Phys. 1.9, 
502L 

711 

Cunningham, G. L., Jr.; Boyd, A. 

J. Chem. Phys. If), 


W.; Myers, R. J.; Gwinn, W. I).; 
and LcVan, W. I. 

676 

712 

de Heer, J. 

Phys. Rev. 83, 741 

713 

Eshbach, J. R., and Strandberg, 

M. W. P. 

Phys. Rev. 82, 327A 

714 

Ewen, H. I., and Purcell, E. M. 

Phys. Rev. 83, 881 A; 


Nature 168, 350 


ch 3 cch 

CHCla 

B 10 


CHCCN 

Review 

Trimetbyl 

methyl halides 
CHBr 3( PBr 3 

Molecular struc¬ 
tures 


Trioxane 
Re0 3 Cl 
()•>, 2.5 nun 

0*2 line breadths 

GeF 3 Cl 

CF 3 CCH 

o 2 

CH 3 OH theory 
NH 3 Stark 
C 2 H 3 Br 


NH 3 

S()» 

Et hylene oxide, 
ethylene sul¬ 
fide 

/-doubling syrn. 
t ops 

Magnetic mom. 
poly. mol. 

II, interstellar ra 
diat ion 



420 


BIBLIOGRAPHY 


715 Freymann, R. 

716 Geschwind, S., and Gunther-Mohr, 

R. 

717 Geschwind, S., and Gunther-Mohr, 

R. 

718 Geschwind, S.; Gunther-Mohr, R.; 

and Townes, C. H. 

718a Gilbert, D. A. 

719 Gokhale, B. V.; Johnson, H. R.; 

and Strandberg, M. W. P. 

720 Gokhale, B. V., and Strandberg, 

M. W. P. 

721 Good, W. E.; Coles, D. K.; Gun¬ 

ther-Mohr, R.; Schawlow, A. L.; 
and Townes, C. H. 

722 Gordy, W. 

723 Gorter, C. J. 

724 Gunther-Mohr, R.; Geschwind, S.; 

and Townes, C. H. 

725 Gunther-Mohr, R.; Geschwind, S.; 

and Townes, C. H. 

726 Hill, R. M., and Smith, W. V. 


727 Hillger, R. E., and Strandberg, M. 

W. P. 

727 a Honerjager, R. 

727 b Hughes, R. H.; Good, W. E.; and 
Coles, D. K. 

728 Hurd, F. K., and Hershberger, W. 

D. 

728a Jen, C. K. 

729 Johnson, C. M.; Trainbarulo, R.; 

and Gordy, \V. 

729a Johnson, C. M.; Gordy, \\\; and 
Livingston, R. 

730 Johnson, H. R.; Ingersoll, J. G.; 

and Strandberg, M. W. P. 

731 Kisliuk, P., and Townes, C. H. 

732 Koch, B. 

733 Lamont, H. R. L. 

734 Lawrance, R. B., and Strandberg, 

M. W. P. 


Physica 17, 328 

Phys. Rev. 81, 882L 

Phys. Rev. 82, 346A 

Phys. Rev. 83, 209A 

ONR Report, Iowa 
State, January 1 
Phys. Rev. 83, 881A 

Phys. Rev. 82, 327A; 
84, 844L 

Phys. Rev. 83, 880A 


./. Chem. Phys. 19, 
792L 

Physica 17, 169 
Phys. Rev. 81, 288L; 
82, 343A 

Phys. Rev. 81, 289L 
Phys. Rev. 82, 451L 


Phys. Rev. 82, 327A; 
83, 575 

Naturwiss. 38, 34 
Phys. Rev. 84, 418 

Phys. Rev. 82, 95L 

Phys. Rev. 81, 197; 

Physica 17, 378 
Phys. Rev. 84, 1178 


Phys. Rev. 83, 1249L 

Phys. Rev. 82, 327A 

Phys. Rev. 83, 210A 
Ergeb. exakt. Natur¬ 
wiss. XXIV, 222 
Physica 17, 446 
Phys. Rev. 83, 363 


C2H5CI, mod. 
press. 

Ge, Si, S masses 
Si, S masses 
O 17 quad. mom. 

Cl 36 

Electronic rot. 

interaction 

0 2 

NH 3 , hyperfine 

Nucl. quad, cou¬ 
pling 
Review 

Cl 35 , Cl 37 quad, 
mom. 

Nuclear polariza¬ 
tion 

Mol. quad. mom. 
collision diam¬ 
eters 

HDS centrifugal 
distortion 
Review 
CH 3 OH 

CH,SH 

Magnetic mom. 

Centrifugal dis¬ 
tortion, vari¬ 
ous mol. 

Cl 36 
CH 2 CO 
AsC 1 3 , SbCl 3 

Review tech¬ 
niques 
Freq. stab. 

CH 2 0 centrifugal 
distortion 



GASES: 1951 


» 


421 


734a Leslie, D. C. M. 

735 Lide, D. R., Jr. 

736 Loomis, C. C., and Strandberg, M. 

W. P. 


Phil. Mag. 42, 37 

J. Chcm. Phys. 19, 
1605 

Phys. Rev. 81, 798 


737 Lyons, H.; Kessler, M.; Rueger, 

L. and Nuckolls, R. G. 

738 Magnuson, D. YV. 


739 Maier, YV. 

740 Margenau, H. 

741 Mays, J. M., and Townes, C. II. 

742 McAfee, K. B., Jr. 

743 Miller, S. L.; Javan, A.; and Townes, 

C. H. 

744 Miller, S. L.; Kraitchinan, J.; Dailey, 

B. P.; and Townes, C. H. 

745 Minden, H. T., and Dailey, B. P. 


Phys. Rev. 81, 297A, 
630L 

Phys. Rev. S3, 485A; 
J. Chem. Phys. 19, 

1071L 

Ergch. exakt. Natur- 
iviss. XXIV, 275 
Phys. Rev. 83, 156 
Phys. Rev. 81, 940 
Phys. Rev. 82, 971L 
Phys. Rev. 82, 454L; 
83, 209A 

Phys. Rev. 82, 327A 
Phys. Rev. 82, 338A 


746 Mizushima, M. 


747 Mizushima, M., and Ito, T. 

747a Muller, C. A., and Oort, J. IT. 

748 Newell, G., Jr., and Dicke, R. H. 

749 Nielsen, IT. II. 

749a Nielsen, II. H. 


749 h 

750 

750a 


Nuckolls, R. G.; Rueger, L. .J.; and 
Lyons, H. 

Potter, C. A.; Bushkovitch, A. Y\; 

and Rouse, A. G. 

Poynter, It. L. 


750/; 


ltanadc, J. D. 


Phys. Rev. 83, 94; 
84, 363L; Phys- 
ica 17, 453 
./. Chem. Phys. 19, 
739 

Nature 168, 357 
Phys. Rev. 81, 297A; 

83, 1064L 
Physica 17, 432 
Revs. Modern Phys. 
23, 90 

Phys. Rev. 83, 880A 

Phys. Rev. 82, 323A; 
83, 987 

()N R Re port, I o wa 
Slate, January 1 
Phil. Mag. 42, 279 


751 Rogers, J. D.; Pietenpol, YY'. J.; and 

YYTliams, D. 

752 Rogers, J. D., and Williams, D. 

7o3 Rogers, J. D., and Williams, D. 

751 Rogers, J. D., and YVilliams, D. 

755 Rogers, T. F. 


Phys. Rev. 83, 431 

Phys. Rev. 82, 131A 
Phys. Rev. 82, 323A 
Phys. Rev. 83, 210A 
Phys. Rev. 83, 881A 


Collision broad, 
t heory 

CHaSnHs 


Deutcrated phos¬ 
phine, arsine, 
stibine 

Deuterated am¬ 
monia 
NOF 


Review 


Press, broad. 
Ge isotopes 

no 2 

Q ,s spin 


CHDoCl 


CH 3 CF 3 , 

CH 3 SiF 3 , 

hindered rot. 
Press. broad. 


Quad, coupling, 
three nuclei 
Interstellar H 
Doppler line- 
breadt h 
/-doubling 
Y’ib.-rot. energies 


N D a 


Press, broad. 


C 2 H 3 I 


Electric quadru- 
pole mom. and 
mag. mom. of 
bromine 
NOC1 

HNa 
NOC1 
11 COOH 
Line shapes 



422 


BIBLIOGRAPHY 


756 Rueger, L. J.; Lyons, H.; and Nuc¬ 

kolls, R. G. 

757 Schawlow, A. L., and Townes, C. H. 

758 Shaw, T. M., and Windle, J. J. 

750 Sheridan, J., and Gordy, W. 

759a Shimoda, K., and Nishikawa, T. 


759 b Shimoda, K., and Nishikawa, T. 

790 Shoolery, J. N., and Sharbaugh, 
A. H. 

760a Shoolery, J. N.; Shuhnan, R. G.; 
Sheehan, W. F., Jr.; Schomaker, 

V. ; and Yost, D. M. 

761 Shoolery, J. N., and Shulman, R. G. 

762 Shoolery, J. N.; Shulman, R. G.; 

and Yost, D. M. 

763 Simmons, J. W. 

764 Sirvetz, M. H. 

764a Sirvetz, M. H. 

765 Smith, D. F.; Tidwell, M.; Wil¬ 

liams, I). V. P.; and Senatore, 

S. J. 

765a Southern, A. L.; Morgan, H. W.; 
Keilholtz, G. W.; and Smith, 

W. V. 

766 Talley, R. M., and Nielsen, A. H. 

767 Tetenbaum, S. J. 

768 Townes, C. H. 

768a Townes, C. H. 

769 Van Vleck, J. H. 


769a Van Vleck. J. II. 


770 

771 


Ting, Y.; Weatherly, T. L.; and 
Williams, D. 

Weber, J. 


771a Weber, J., and Laidler, K. J. 

772 Weiss, M. T., and St rand berg, M. 

W. P. 

773 Went ink, T., Jr.; Koski, W. S.; and 

Cohen, V. W. 


Rev. Sci. Instr. 22, 
428L 

Phys. Rev. 82, 268L 

J. Chem. Phys. 19, 
1063L 

J. Chem. Phys. 19, 
965 

J. Phys. Soc. Japan 
6 , 512 

J. Phys. Soc. Japan 
6, 516 

Phys. Rev. 82, 95L 

J. Chem. Phys. 19, 
1364 

Phys. Rev. 82, 323A 

J. Chem. Phys. 19, 
250L 

Phys. Rev. 83, 485A 

J. Chem. Phys. 19, 
938 

J. Chem. Phys. 19, 
1609L 

Phys. Rev. 83, 485A 


Analyt. Chem. 23, 

1000 

J. Chem. Phys. 19, 
805L 

Phys. Rev. 82, 323A 
Physica 17, 354 
J. Appl. Phys. 22, 
1365 

Revs. Modern Phys. 
23, 213 

Phys. Rev. S3, 880A 
Phys. Rev. 83, 210A 

Phys. Rev. 83, 881 A, 

1058L 

J. Chem. Phys. 19, 
381L, 1089 
Phys. Rev. 81, 286L; 

82, 326A; 83, 567 
Phys. Rev. 81, 296A, 
948 


High-temp. Stark 
cell 

Nucl. mag. mom. 
CH 3 SH 

Trifluorosilane 
derivatives 
Na hyperfine 
structure 
Zeeman-mod. 

spectrograph 
Dipole mom. 

cf 3 cch 

CF 3 CCH 
HNCO, HNCS 

CD 3 C1, CD 3 Br, 
CD 3 I 
S0 2 

Furan 

cf 2 o 

Isotopic detn. of 
C and N 

C 2 D 2 vibr. 

mm region 
Nucl. properties 
Freq. stabiliza¬ 
tion 

Coupling of ang. 

mom. vectors 
NH 3 , hyperfine 
theory 

DCN /-doublet 
transitions 
Press, broad. 

Kinetics NH 3 -D 2 
exchange 
Deut crated am¬ 
monia 
S 35 



OASES: 1051-1052 


423 


774 

775 


801 

802 

803 

804 

805 
800 

807 

808 
800 


810 

811 

812 

813 

814 

815 

810 

817 

818 
810 

820 


821 

822 


\\ ilson, E. B., Jr. Ann. Rev. Phys. 

Chem. II, 151 
Landolt-Bornstein 
Tnbellen, Aufl. 0, 
B. 1, T. 2 


1952 


(Incomplete) 


Amble, E.; Miller, S. L.; Schawlow, 
A. L.; and Townes, C. H. 
Anderson, P. \V. 


./. Chem. Phys. 20, 
102L 

Phys. Rev. SO, 800L 


Artman, J. ()., and Gordon, J. P. 
Beringer, R., and Rawson, E. B. 


Phys. Rev. S? , 227A 
Phys. Rev. SO, 007A 


Beringer, R., and Rawson, E. B. 
Bloom, S., and Margenau, II. 


Phys. Rev. 87, 227A 
Phys. Rev. So, 717A 


Eshbach, J. R.; Hillger, R. E.; and 
Strandberg, M. W. P. 

Eshbach, J. R., and Strandberg, M. 
W. P. 

Frist rom, R, 


Geschwind, S.; Gunther-Mohr, R.; 
and Silvey, G. 

Ghosh, S. N.; Trambarulo, R.; and 
Gordy, W. 

Gilbert, I). A. 

Hardy, \V. A.; Silvey, G.; and 
Townes, C. H. 

Hawkins, N. J.; Cohen, V’. \\\; and 
Koski, W. S. 

Hrostowski, H. J.; Myers, R. J.; 
and Pimentel, G. C. 

Hughes, R. H. 

Javan, A., and Grosse, A. V. 

Javan, A., and Townes, C. H. 

Jen, C. K.; Bargh ausen, J. W. B.; 
and Stanley, R. W. 

Johnson, H. R. 


Phys. Rev. So, 532 

Phys. Rev. So, 24 

J. ('hem. Phys. 20, 
1 ; Phys. Rev. So, 

717A 

Phys. Rev. So, 474 

./. Chem. Phys. 20, 
005 

Phys. Rev. 85, 710A 
Phys. Rev. SO, 008A 

J. Chem. Phys. 20, 
528L 

J. Chem. Phys. 20, 
518L 

Phys. Rev. 85, 717A 
Phys. Rev. 87, 227A 
Phys. Rev. SO, 008A 
Phys. Rev. So, 717A 

Phys. Rev. So, 704A 


Johnson, H. R., and Strandberg, 
M. W. P. 

Johnson, H. R., and Strandberg, 
M. W. P. 


J. Chem. Phys. 20, 
0)87 

Phys. Rev. So, 503L 


Review 

Tables 


Re0 3 Cl 

Press, broad, the¬ 
ory 

0 - 2 , press, broad. 

NO, lambda¬ 
doubling 

Atomic H 

Press, broad, 
theory 

S 33 , nucl. mag. 
mom. 

Rot. mag. mom. 

S() 2 F 2 

O 1 ', spin, and 
quad. mom. 

CHF 3 , chci 3 , 
ch 3 cci 3 

Cl 36 , spin 

Se' 9 , spin, quad, 
mom. 

POF 3 , psf 3 

b 5 h 9 

o 3 

MnOaF 

ICN anomalies 

Mol. mag. mo¬ 
ments 

Spectrograph res¬ 
olution and 
sensitivity 

Ketene 

Reduction of 
Doppler 
broadening 



424 


BIBLIOGRAPHY 


823 Johnson, R. H., and Strandberg, Phys. Rev. 86, 811L 

M. \V. P. 

824 Jones, L. C.; Bushkovitch, A. V.; Phys. Rev. 87, 227A 

Potter, C. A.; and Rouse, A. G. 


825 Kisliuk, P., and Silvey, G. A. J. Chetn. Phys. 20, 

517 

82G Kivelson, D., and Wilson, E. B., Jr. Phys. Rev. 87, 214A 


827 Klein, J. A.; Loubser, J. H. N.; 

Nethercot, A. H., Jr.; and 
Townes, C. H. 

828 Kojima, S.; Tsukada, K.; Hagi- 

wara, S.; Mizushima, M.; and 
Ito, T. 

829 Lide, D. IL, Jr. 

830 Massey, J. T., and Bianco, D. R. 

831 Miller, S. L.; Kotani, M.; and 

Townes, C. H. 

832 Nethercot, A. H., Jr.; Javan, A.; 

and Townes, C. H. 

833 Nethercot, A. H., Jr.; Klein, J. A.; 

and Townes, C. H. 

834 Rogers, J. D., and Williams, D. 

835 Schwarz, R. 

83G Silvey, G.; Hardy, W. A.; and 
Townes, C. H. 

837 Simmons, J. W., and Goldstein 

J. H. 

838 Sheridan, J., and Gordy, W. 

839 Sheridan, J., and Gordy, W. 

840 Smith, D. F. 

841 Smith, D. F., and Magnuson, D. W. 

842 Sternheimer, R. 


Rev. Sci. Instr. 23, 
78 

J. Chem. Phys. 20, 
804 

Phys. Rev. 87, 227A 
Phys. Rev. 85, 717A 
Phys. Rev. 86, 607A 

Phys. Rev. 87, 226A 

Phys. Rev. 86, 798L 

Phys. Rev. 86, 654A 
Phys. Rev. 86, GOG A 
Phys. Rev. 87, 23GA 

J. Chem. Phys. 20, 
122 

J. Chem. Phys. 20, 
591 

J. Chem. Phys. 20, 
735 

Phys. Rev. 86, G08A 
Phys. Rev. 87, 22GA 
Phys. Rev. 86, 310; 

595A 


843 Stitch, M. L.; Honig, A.; and 

Townes, C. H. 

844 Stitch, M. L.; Honig, A.; and 

Townes, C. H. 

845 Tetenbaum, S. J. 

846 Weatherly, T. L.; Manring, E. R. ; 

and Williams, D. 

847 Weatherly, T. L., and Williams, D. 

848 Williams, Q.; Sheridan, J.; and 

Gordy, W. 


Phys. Rev. 86, G07A 


Phys. Rev. 86, 813L 

Phys. Rev. 86, 440 
Phys. Rev. 85, 717A 

J. Chem. Phys. 20, 
755L 

J. Chem. Phys. 20, 
1G4 


Broad, by wall 
collisions 
Collision diam¬ 
eters in mix¬ 
tures 
CF 3 SF 5 

Cent. dist. in 
asym. rotors 
Magnetron har¬ 
monics 

CHBr 3 


CH 2 F 2 

H2O2 

0 2 , mag. hyper- 
fine structure 

C 8 H 13 Br 

HCN 

HN 3 

Rot. mag. mom. 

TeCS 

CI) 3 C1, CD 3 Br 3 , 
CD 3 I 

CF 3 Br, CF 3 I, 

cf 3 cn 

CH 3 CCBr, 

CH 3 CCI 

C1F 3 

N0 2 F 

Mag. hyperfine 
structure, the¬ 
ory 

KC1, TIC1 

CsCl, NaCl 

BrCN, G mm 
/-doubling in 

HCN, HCN 

Acetone 

pof 3 , psf 3 , 

POCl 3 , PSCb 



PARAMAGNETIC RESONANCE OF SOLIDS, LIQUIDS: 1945-1948 425 


10 IP 

20 IP 
202 P 
203P 

301 P 

302 P 
303P 
304 P 
305P 

300P 


40 IP 
402P 
403P 

404 P 

405P 
400P 

407 P 

408 P 

409 P 


Paramagnetic Resonance of Solids and Liquids 


1945 


Zavoisky, E. 


J. Phys. U.S.S.R 
i), 245 


1940 


Cununerow, R. L., and Malliday, 
D. 

Zavoisky, E. 


Zavoisky, E. 


Phys. Rev. 70, 433L 

J. Phys. U.S.S.R. 
10, 170 

./. Ph ys. U. S. S. R. 
10, 197 


1947 


Bagguley, D. M. S., and Grif¬ 
fiths, J. H. E. 

Cummerow, R. L.; Malliday, D.; 

and Moore, G. E. 

Cummerow, R. L.; Malliday, 1).; 

and Moore, G. E. 

Gorter, C. .J., and Van V leek, J. II. 

Kozuirev, B. M., and Salikov,. C. 
G. 


Nature 100, 532 
Phys. Rev. 72, 173A 
Phys. Rev. 12, 1233 

Phys. Rev. 72, 

1128L 

C. R. Acad. Sci. 
U.S.S.R. 53, 1023 


Weiss, P. 
Torrey, 
Hsiang 


R.; Whitmer, C. A.; Phys. Rev. 12, 975L 
M. E.; and Jen Sen 


1948 


Bagguley, D. M. 8., and Grif¬ 
fiths, J. II. E. 

Blcaney, B., and Penrose, R. P. 

Bagguley, I). M. S.; Bleaney, B.; 
Griffiths, J. II. E.; Penrose, 
R. P., and Plumpton, B. I. 
Malliday, D., and Wheatley, J. 

Kittel, C., and Luttinger, J. M. 
Van Vleck, J. M. 

Weiss, P. It. 

\\ hitmer, C. A.; Weidner, R. T.; 

and Weiss, P. R. 

Whitmer, C. A.; Weidner, R. T.; 
Hsiang, J. S.; and Weiss, P. R. 


Nature 102, 538 

Proc. Phys. Sue. 

( London ) (JO, 395 
Proc. Phys. Soc. 

( London) 61, 542, 
551 

Phys. Rev. 74, 1712 
17241, 

Phys. Rev. 73, 102 
Phys. Rev. 74, 1 108 

Phys. Rev. 13, 470 
Phys. Rev. 73, 

1408L 

Phys. Rev. 74, 1478 


CuCl 2 


Manganous salts 

CuCl 2 , CuS0 4 , 
CrCl 3 , MnCOs 
MnS0 4 , CuCl 2 , 
CrCl 3 , MnCOa 


Chrome alum 

Iron-group salts 

Iron-group salts 

Theory, exchange 
interaction 
Pentaphenyl- 
cyclopenta- 
dienyl 

Chromic ammo¬ 
nium alum 


Copper sulphate 
Chromic alum 
Survey 


Chrome alum, 
Mn 

Theory 

Theory, dipolar 
broadening 
Chromic alums 
Chrome alums 

Chrome alums 



426 


BIBLIOGRAPHY 


1949 


501P Abragam, A., and Pryce, M. H. L. 

502P Arnold, R., and Kip, A. 

503P Bleaney, B. 

504P Bleaney, B., and Ingram, D. J. E. 


Nature 163, 092 

Phys. Rev. 75, 1199 
Phys. Rev. 75, 
1962L 

Nature 164, 116 


505P 

507P 

508P 

509P 
51 OP 

51 IP 
512P 
513P 

514P 

515P 

60 IP 
602P 
603 P 

604P 

605P 

605a P 


Bleaney, B.; Penrose, R. P.; and Proc. Roy. Soc. 
Plumpton, B. I. (. London) A 198, 

406 

Holden, A. N.; Kittel, C.; and Phys. Rev. 75, 
Yager, W. A. 1443L 

Holden, A. N.; Kittel, C.; Mer- Phys. Rev. 75, 
ritt, F. R.; and Yager, \V. A. 1614L 


Hutchison, C. A., Jr. 
Ingram, D. J. E. 

Penrose, R. P. 

Pryce, M. H. L. 


Phys. Rev. 75, 1769 
Proc. Phys. Soc. 
{London) A 62, 
664L 

Nature 163, 992 
Nature 164, 117 


Weidner, R. T.; Weiss, P. R.; 

Whitmer, C. A.; and Blosser, 
D. R. 

W heat ley, J., and Halliday, D. 
Yu Ting; Weidler, R.; and Wil¬ 
liams, D. 


Phys. Rev. 76, 

1727L 

Phys. Rev. 75, 1412 
Phys. Rev. 75, 980L 


Abragam, A. 


1950 

Phys. Rev. 79, 534L 


Abragam, A., and Pryce, M. H. L. 

Altshuler, S. A.; Kurenev, V. Ya.; 
and Salikhov, S. G. 

Bagguley, D. M. S., and Griffiths, 
J. H. E. 

Benzie, R. J., and Cooke, A. H. 


Benzie, R. J., and Cooke, A. H. 


Proc. Phys. Soc. 

A 63, 409L 
Doklady Akad. 

Nauk U.S.S.R. 
70, 201 

Proc. Roy. Soc. 
{London) A 201, 
366 

Proc. Phys. Soc. 
{London) A 63, 
201 

Proc. Phys. Soc. 
{London) A 63, 
1366L 


Theory, hyper- 
fine structure 
Copper sulphate 
Chromic sul¬ 
phate alums 
Hyperfine struc¬ 
ture in divalent 
cobalt 

Copper Tutton 
salts 


Nickel fluorosili- 
cate 

Paramagnetic or¬ 
ganic com¬ 
pounds 

Irradiated LiF 

Theory, hyper¬ 
fine structure 

Hyperfine struc¬ 
ture 

Hyperfine struc¬ 
ture 

Iron ammonium 
alum 

Copper sulphate 

Iron-group salts 


iron transition 
group 

Theory, copper 
fluorosilicatc 
Rare-earth ele¬ 
ments 

Copper sulphate 


Spin-lattice re¬ 
laxation 

Copper cesium 
sulphate 



PARAMAGNETIC RESONANCE OF SOLIDS, LIQUIDS: 1050-1951 427 


606P Bijl, D. 

607P Bleaney, B. 


608P Bleaney, B. f and Ingram, D. .1. E. 
609P Bleaney, B., and Scovil, H. E. D. 


610P England, T. S., and Schneider, 

E. E. 

61 IP Holden, A. N.; Kit tel, C.; Mer¬ 
ritt, F. R.; and Yager, \Y. A. 
612P Joynson, A. F., and Grayson- 

Smith, H. 

613P Kikuchi, C., and Spence, R. I). 
614P Lacroix, R. P.; Ryter, C. E.; and 

Extermann, C. R. 

615P Malvano, M., and Panetti, M. 
616P Penrose, IL 1\, and Stevens, K. 

W. H. 

617P Pryce, M. H. L. 

618P Pryce, M. IL L., and Stevens, K. 

W. H. 

619P Townes, C. IL, and Turkevitch, 
. 1 . 


Proc. Phys. Soc. 
(London) 63, 
405L 

Proc. Phys. Soc. 
(London.) 63, 

407 L 

Proc. Phys. Soc. 
(London) A 63, 
408L 

Proc. Phys. Soc. 
(London) A 63, 
1369L 

A 3d nre 166, 437 

Phys. Per. 77, 147L 

('an ../. Pesenrch 33, 
229 

Arn.J. Phys. IS, 167 
Phys. Per. SO, 763 L 

Phys. Per. 7S, 826L 
Proc. Phys. Soc. 

(London) 63, 29 
Proc. Phys. Soc. 

(London) A 63, 25 
Proc. Phys. Soc. 

(London) 63, 36 
Phys. Per. 77, 148L 


620P Ubbink, .1.; Poulis, .1. 

Goi ter, C. . 1 . 


V.; and Physica 16, 570 


1051 


70IP Abragam, A. 


Physica 17, 209 


702P Abragam, A., and Pryce, M. II. L. 
703P Abragam, A., and Pryce, M. II. L. 
704P Abragam, A., and Pryce, M. II. L. 
705P Anderson, P. \V. 


Proc. Roy. Soc. 
(London) A 205, 
135 

Proc. Poy. Soc. 
(London) A 206, 
164 

Proc. Poy. Soc. 
(London) A 206, 

173 

Phys. Per. S3, 342A 


706P 


Benzie, R. .1. 


Proc. Phys. Soc. 
(London) A 6/,, 
507 L 


Titanium cesium 
alum 

Titanium alum 


Copper fluorosili- 
cate 

Nuclear spin of 
Nd 143 and 
Nd 145 
Manganese 


()rganic free radi¬ 
cals 

Iron-group salts 


Survey 

Measuring met h- 
ods 

('hrome alums 
Nickel fluorosili- 
cate 

Perturbat ion 
procedure 
Line width in 
crystals 
Exchange nar¬ 
rowing in or¬ 
ganic radical 
Double jumps 


Iron transition 
group 

Theory, nuclear 
hyperfine 
structure 

Theory, copper 
Tut ton salts 

Hydrated cobalt 
salts 


Line breadth in 
diluted xtals 
Spin-lattice re- 
laxat ion 



428 


BIBLIOGRAPHY 


707P Bleaney, B. 

708P Bleaney, B. 

708aP Bleaney, B., and Bowers, K. D. 

700P Bleaney, B.; Bowers, K. D.; and 

Ingram, D. J. E. 

710P Bleaney, B.; Elliott, R. J.;and 

Scovil, H. E. D. 

71 IP Bleaney, B.; Elliott, R. J.; Scovil, 

H. E. D.; and Trenam, R. S. 

712P Bleaney, B., and Ingram, D. J. E. 

713P Bleaney, B., and Ingram, D. J. E. 

714P Bleaney, B.; Ingram, D. J. E.;and 

Scovil, H. E. D. 

715P Bleaney, B., and Scovil, H. E. D. 

71GP Bogle, G. S.; Cooke, A. H.; and 

Whitley, S. 

717P Carr, E. F., and Kikuchi, C. 

718P Eisenstein, J. 

719P Eisenstein, J. 

720P Elliott, R. J., and Stevens, K. W. 

H. 

721P Elliott, R. J., and Stevens, K. W. 

H. 

722P Fujimoto, M., and Itoh, J. 

723P Garstens, M. A., and Ryan, A. H. 


Phil Mag. / h 2 t 441 

Physica 17, 175 

Proc. Phys. Soc. 

0 London ) A 64, 
1135 

Proc. Phys. Soc. 

( London) A 64, 
758L 

Proc. Phys. Soc. 

(London ) A 64, 
933L 

Phil. Mag. 42, 1002 

Proc. Roy. Soc. 

0 London) A 205, 
336 

Proc. Roy. Soc. 

( London) A 208, 
143 

Proc. Phys. Soc. 

( London) A 64, 

G01 

Proc. Phys. Soc. 

( London ) A 64, 

204L 

Proc. Phys. Soc. 

( London ) A 64, 

931L 

Phys. Rev. 82, 342A 

Phys. Rev. 82, 342A 

Phys. Rev. 84, 548 

Proc. Phys. Soc. 

( London ) A 64, 

205L 

Proc. Phys. Soc. 

( London ) A 64, 

932L 

Physica 17, 2GG 


Phys. Rev. 81, 888L 


Hyperfine struc 
ture, nuclear 
alignment 
Hyperfine struc¬ 
ture 

Cr 53 spin 

Quadrupole mo¬ 
ments of Cu 63 
and Cu 65 
Dipole-dipole in¬ 
teraction in 
rare-earth 
ethylsul fates 
Gadolinium 
ethylsul fate 
Manganese salts 

Hyperfine struc¬ 
ture in cobalt 
salts 

V(NH 4 ) 2 (S0 4 ) 2 - 

gh 2 o 


Nuclear spin of 
Er 167 

Cerium ethylsul- 
phate 

Theory, hyper¬ 
fine structure 
Ammonium 
chrome alums 

Relaxation the¬ 
ory 

Rare-earth ethyl- 
sulphates 

Cerium ethylsul- 
phate, theory 

K 2 CuC1 4 2H 2 0, 

(NH 4 ) 2 CuCI 4 - 

2H 2 0 

Metal NH.3 solu¬ 
tions 



PARAMAGNETIC RESONANCE OF SOLIDS, LIQUIDS: 1950-1951 429 


724 P 

Griffiths, J. H. E., and 

725P 

Holden, A. N.; Yager, 1 


Merritt, F. R. 

72GP 

Hutchison, C. A., and 


C. 

727P 

Ishiguro, E.; Kambe, 


Usui, T. 

728 P 

Ishiguro, E.; Kambe, 


Usui, T. 


Owen, J. 

Proc. Phys. Sac. 


(London) A 64, 


583 L 

V. A.;and 

J. Chem. Phys. 19, 


1319L 

Pastor, IL 

Phys. Per. 81, 282L 

K.; and 

Phys. Per. 83, 080 

Iv.; and 

Physica 17, 310 


729P I toll, J.; Fujimoto, M.; 
moto, H. 

7.30P Kip, A. F.; Malvano, 
Davis, C. F. 

731 P Kumagai, H.; Ono, K.; 

I.; Abe, H.; Shimada, 

H. ; and Ibamoto, H. 
732P Kumagai, H.; Ono, K.; 

I. ; Abe, H.; Shono, II 
mori, S.; Ibamoto, 


mada, J. 

733P Lacroix, R. P., 
734P Lancaster, F., 


and Iba- 

1 L; and 

Havashi, 
.1.; Shono, 

Hayashi, 
Tachi- 
II.; and Shi- 

and Extermann, It. 
and Gordy, W. 


Phys. Per. 83 , 852L 
Phys. Per. 83, 342A 
Phys. Per. S3, 

1077L 

Phys. Per. 83, 954 L 

Physica 17, 427 

•/. Chem. Phys. 19, 
1181, Errata 30, 
740 (1952) 


735P Levinthal, E. C.; Rogers, E. IL; 

and Ogg, R. A., Jr. 

736P Meijer, P. II. E. 

737P Ollom, J. F., and Van Vleck, J. H. 


738P Itamaseshan, S., and Suryan, G. 


Phys. Per. 83, 182L 

Physica 17, 899 
Physica 17, 205 

Phys. Per. 8/,, 593L 


738aP Schneider, E. 10. 

739P Schneider, JO. 10., 

T. S. 


and England, 


Nature 168, 045 
Physica 17, 221 


74 °I > Ting, V., and W illiams, D. 


Phys. Per. S3, 507 


NUN 134 ) 2 ( 804)2 • 

6H 2 0 

Free radicals 

K solution in liq¬ 
uid NH 3 

Theory, relaxa¬ 
tion time in 
chrome alum 

Exchange inter¬ 
action of nickel 
ions in nickel 
fluorosilicate 

Chlorides of cop¬ 
per 

Ammonium 
chrome alum 

Interionic dist. 
and line widths 

.Mn sulfate 


Absorption and 
dispersion 
measurement 

Various organic 
and inorganic 
salts of iron 
and rare-earth 
group 

Alkali-metal so¬ 
lutions 

Iron-alum theory 

Theory, NiSiF 6 - 
0H 2 O 

Trivalent molyb- 
denum cpds. 

X-ray irradiated 
plastics 

Hyperfine struc¬ 
ture and satu¬ 
ration in Mn, 
resonance in ir¬ 
radiated alkali 
halides 

Various salts 



430 


BIBLIOGRAPHY 


74IP Tinkham, M., and Kip, A. 


742P Tinkham, M.; Weinstein, R.; and 

Kip, A. 

743P Ubbink, J.; Poulis, J. A.; and Goi¬ 
ter, C. J. 

744P \\ hitmer, C. A., and Weidner, 

R. T. 


Phys. Rev. 83, 657L Absorption in 

crystals having 
color centers 

Phys. Rev. 84, 848L Liquids 
Physica 17, 213 Iron alums 

Phys. Rev. 84, 159L Iron-alum salts 


1952 


(Incomplete) 


80 IP 


Bleaney, B., and Bowers, K. D. 


Phil. Mag. 43, 372L 


802P Bogle, G. S., and Scovil, H. E. D. Proc. Phys. Soc. 

(London ) A 65, 
368L 

802aP Bowers, lv. D. Proc. Phys. Soc. 

( London) A 65, 
860 

803P Carr, E. F., and Kikuchi, C. Am. J. Phys. 30, 

110L 


804P Cohen, V. W.; Kikuchi, C.; and 

Turkevich, J. 

805P Elliott, R. J., and Stevens, K. W. 

H. 

806P Garstens, M. A., and Liebson, S. 

H. 

807P Ghosh, S. N.; Gordy, W.; and 

Hill, D. G. 

808P Hershberger, W. D., and Leifer, 

H. N. 

800P Hutchison, C. A., Jr.; Pastor, R. 

C.; and Kowalsky, A. G. 

809aP Kikuchi, C.; Sirvetz, M. H.; and 

Cohen, V. W. 

810P Kumagai, H.; Ono, K.; and Haya- 

shi, I. 


Phys. Rev. 85, 379L; 

86, 608A 
Proc. Phys. Soc. 
{London) A 65, 
370L 

Phys. Rev. 87, 230A 

Phys. Rev. 87, 229A 

Phys. Rev. 87, 229A 

J. Chem. Phys. 30, 
534 L 

Phys. Rev. 88, 142 
Phys. Rev. 85, 925L 


81 IP Overhauser, A. W. Phys. Rev. 86, 646A 

812P Pake, G. E.; Townsend, J.; and Phys. Rev. 85, 682L 

Weissman, S. I. 


Anom. paramag. 
and exch. in¬ 
teraction in 
copper acetate 
Sm 147,119 spins 


Cr 5 ' 3 mag. mom. 


Demonstration 
model for nucl. 
and paramag. 
resonance 
Picryl-n-amino 
carbazyl 

SmEtS 04 , theory 


Mn(NU. 3 ) 2 , cone, 
soln. 

Uranium salts 
Phosphors 


Organic free radi¬ 
cals 

V 50 spin 

Line width and 
exch. interac¬ 
tion in Mn + + 
and Fe ++ + 
salts 

Paramag. relax, 
in metals 

(S0 3 ) 2 NO — 



FERROMAGNETIC RESONANCE: 1040-1048 


431 


813P 

814 P 

815P 

810P 


101F 
102 F 
103F 


201F 
202 F 

301F 
302F 

303F 


401F 


402F 

403 F 

404 F 

405 F 


Stevens, K. W. H 
Wad a, W. W. 


Proc. Phys. Soc. 

( London ) A 66, 
209 

Phys. Per. 87, 229A 


Weidner, 
C. A. 

R. T., 

and 

Whitmer, 

Rev. Sci. Instr. 
75 

23, 

Weidner, 
C. A. 

IL T., 

and 

Whit mer, 

./. ('hew. Phys. 

749L 

20, 


Ferromagnet ic Resonance 


I Ye-194 6 


Dorfmann, J. 

Cans, R., and Loyante, R. G. 
Landau, L., and Lifshitz, E. 


7. Physik 17, 98 
(1923) 

A tin. Phys if; 6/ it 209 
(1921) 

Physik'. 7. Sotcjet- 
union 8, 153 

(1935) 


Akheiser, A. 
Griffiths, J. H. E. 


1940 

./. Phys. I'.S.S.P. 
10, 217 

Xature 168, 070 


1947 

Yager, \V. A., and Bozorth, R. M. Phys. Per. 72, 80 
K ‘ttel, C. Phys. Per. 71, 270 


Snoek, J. L. Nature 160, 00 

1948 

Hewitt, W. H., Jr. Phys. Per. 73, 1 118 


Kit tel, C. Phys. Per. 73, 155 

Lutfinger, J. M., and Kittel, C. Ilelv. Phys. Acta 31, 

480 

Polder, D. Phys. Per. 73, 

1120L 

Snoek, J. L. Physica 1 /,, 207 


Rare-earth ions, 
theory 

VanadousTutton 
salts, Stark 
arid Zeeman 
effects, theory 

Recording tech¬ 
niques 

Lino shapes and 
dispersion 


Theory 


Nickel 


Theory, disper¬ 
sion 


Theory, line 
widths 

Nickel, iron, co¬ 
balt 


Supermalloy 
Theory, anoma¬ 
lous Larmor 
frequencies 
Theory 


Ferromagnetic 
semi-conduc- 
t ors 
Theory 
Theory 

Theory 

Theory 



432 


BIBLIOGRAPHY 


501F Beljers, H. G. 

502F Bickford, L. R., Jr. 

503F Brown, W. F., Jr. 

504F Kip, A., and Arnold, R. 


505F Kittel, C. 
506F Kittel, C.; 


Yager, W. A.; and 


1949 

Physica 14 , 629 
Phys. Rev. 76, 137 
Phys. Rev. 75, 
1959L 

Phys. Rev. 75, 1556 
Phys. Rev. 76, 7-13 


Physica 15, 256 


Phil. Mag. 40 , 99 
Physica 15, 253 
Phys. Rev. 75, 893; 
erratum 75, 
1451L 

Phys. Rev. 75, 

1630A 

Physica 15, 197 
Phys. Rev. 75, 316L 
Phys. Rev. 75, 318L 


Ferrites 
Magnetite 
Theory, crystal 
interactions 
Iron single crys¬ 
tal 

Theory, spectro¬ 
scopic splitting 
factor 

Plane specimen, 
different orien¬ 
tations 
Theory 
Theory 

Theory, domain 
interactions 

Theory 

Theory 
Supermalloy 
Heusler alloy 


Merritt, F. R. 

507F Polder, D. 

508F Polder, D. 

509F Rado, G. T. 


510F Richardson, J. M. 

51 IF Van Vleck, J. H. 

512F Yager, W. A. 

513F Yager, W. A., and Merritt, F. R. 


1950 


601F Bickford, L. R., Jr. 
602F Birks, J. B. 

603F Bloembergen, N. 


Phys. Rev. 78, 449 

Proc. Phys. Soc. 

{London) B 63, 65 
Phys. Rev. 78, 572 


604F Guillaud, C.; Yager, W. A.; Mer¬ 
ritt, F. R.; and Kittel, C. 


Phys. Rev. 7.9, 181L 


605F It oh, J., and Akioka, T. 
606F Kittel, C., and Herring, C. 


Phys. Rev. 77, 293L 
Phys. Rev. 77, 725L 


607F Rado, G. T.; Wright, R. W.; and Phys. Rev. 80, 273 

Emerson, W. H. 

608F Van Vleck, J. H. Phys. Rev. 78, 266 

609F Welch, A. J. E.; Nicks, P. F.; Phys. Rev. 77, 403L 

Fairweather, A.; and Roberts, 

F. F. 


Magnetite single 
crystal 
Ferrites 

Temperature ef¬ 
fects on g- value 
and line width 
Manganese fer¬ 
rite, theory, 
ferrites 

Molybdenum al¬ 
loy 

Effect of ex¬ 
change inter¬ 
action 

Mechanisms for 
dispersion in 
ferrites 
Theory 
Natural reso¬ 
nance in Mg 
ferrite 



FERROMAGNETIC RESONANCE: 1950-1952 


433 


610F 
61 IF 


70 IF 

702F 
703F 

704 F 

705 F 


706F 


707F 


708 F 

709 F 


71 OF 
71 IF 
712 F 

713F 

71 1 F 


71SF 


71 OF 
717F 


80 IF 

802 F 

803 F 
8011-’ 


Yager, W. A., Galt, J. K.; Merritt, Phys. Rev. 80 , 744 
F. It.; and Wood, E. A. 

Trounson, E. P.; Bleil, D. F.; Phys. Rev. 79, 542L 
Wangsness, R. K.; and Max¬ 
well, L. It. 


Beljers, H. G. 


1951 

Physica 17, 269 


Galt, J. K. 

Galt, J. Iv.; Yager, W. A.; Re- 
meika, .1. 1*.; and Merritt, F. It. 
Griffiths, J. II. E. 

Kittel, C. 

Li, Y. Y. 


Phys. Rev. S3, 208A 
Phys. Rev. 81, 470L 

Physica 17, 253 
,/. physique el ra¬ 
dium 12, 291 
Phys. Rev. 84, 721 


Lidiard, A. B. 


Macdonald, J. R. 
Macdonald, J. R. 


Okamura, T. 

Okamura, T., and Torizuka, Y. 
Okamura, T.; Torizuka, Y.; and 
Ivojima, Y. 

Okamura, T.; Torizuka, X.; and 
Kojima, X. 

Stevens, K. W. H. 


Pruc. Phys. Sac. 

( London ) A 6*4, 
814 

Phys. Rev. 81, 312A 
Proc. Phys. Soc. 

( London ) A 64, 
968 

Nature 168, 162 
Phys. Rev. 83, 847L 
Phys. Rev. 82, 285L 

Phys. Rev. 8/,, 372L 

Phys. Rev. 81, 1058L 


Tsuya, N., and Ichikawa, V. 


Phys. Rev. 83, 1065L 


Van Vleck, J. II. 

^ager, \\ . A.; Merritt, I'. R.; and 
Guillaud, C. 


Physica 17, 234 
Phys. Rev. 81, 177L 


1952 


(Incomplete) 

Bloemhergen, N., and Damon, Phys. Rev. 85, 699L 


It. W. 

KefTer, F., and Kittel, C. 
Maxwell, L. R. 

Okamura, T., and Kojima, Y. 


Phys. Rev. 85, 329 
Am. J. Phys. 20, 80 
Phys. Rev. 85, 090L 


Nickel ferrite 


Magnetic reso¬ 
nance in anti- 
ferromagnetic 
materials 


Induced mag¬ 
netic moment 
Fea 04 relaxation 
Zinc-manganese 
ferrite 

Thin Ni-films 
Survey 


Anti-ferromagne¬ 
tism, theory 
Theory 


Ni-films 

Theory, internal 
field 

NiOFe2();{ 

MnOFc20s 

Ant i-ferromag- 
netic resonance 

Cobalt ferrite 

Theory anti- 
ferromagne- 
tites 

Dipolar broaden¬ 
ing 

Theory 

Ferrites 


Relaxation ef¬ 
fects 

Theory, anti- 
ferromag. 

Anti-ferromag. 

materials 

Cobalt-zinc fer¬ 
rite 



434 


BIBLIOGRAPHY 


805F Okamura, T., and Kojima, Y. 
806F Okamura, T.; Kojima, Y.; and 

Torizuka, Y. 

807F Rado, G. T.; Wright, R. W.; Em¬ 
erson, W. H.; and Terris, A. 
808F Stevens, K. W. H. 


809F Ubbink, J. 

810F Ubbink, J.; Poulis, J. A.; Gerrit- 

sen, H. J.; and Goiter, C. J. 

811F van Trier, A. A. Th. M. 

812F Wangsness, R. K. 


Phys.Rev.86 ,1040L 
Phys. Rev. 85, 693L 

Phys. Rev. 86, 599A 

Proc. Phys. Soc. 

(London ) A 65, 
149L 

Phys. Rev. 86, 567L 

Physica 18, 3G1 

Phys. Rev. 87, 227A 

Phys. Rev. 86, 146, 
646A 


Copper ferrite 

Zinc-manganese 

ferrite 

Ferrite, temp, 
depend. 

Line widths 

Theory, anti- 
ferromag. 

Anti-ferromag. 

resonance 

Anomalous wave 
types 

Systems with two 
mag. sub¬ 
lattices 



NAME INDEX 


(Appendix and Bibliography excluded.) 


Aamodt, L. C., 273 

Abragam, A., 210, 217, 218, 228, 231,235, 
240, 247 
Alder, F., 80 
Allen, P. \\\, 323 

Anderson, 1*. \V\, 150, 100, 103, 104, 105, 
100 

Anderson, R. S., 13, 53, 73, 80, 87, 80, 
181, 100, 102, 103, 104 
Anderson, W. K., 102, 104, 142, 303 
Arnold, R. I)., 223, 228, 220 
Art man, J. ()., 105 
Antler, S. H., 75, 70, 101 

Babcock, H. I)., 88 
Bucher, R., 200, 270 
Bagguley, 1). M. S., 213, 215, 220, 221, 
223, 224, 225, 228, 220, 234, 235 
Baird, I)., 41 
Bak, B., 100 
Bardeen, J., 144, 140) 

Barker, E. F., 100, 125, 120 
Bauer, S. II., 321 
Beard, C. I., 200 
Becker, G. 15., 75, 70, 101 
Beers, V., 13, 16, 85 
Bee vers, C. A., 228 
Bennett, W. S., 53, 325, 320, 327 
Beringer, R., 0, 15, 37, 40, 07, 00, 70, 71, 
75, 80, 80, 132, 133, 134, 135, 181 ,100, 
105, 106, 331 
Bersohn, R., 140 

Bet he, II., 20, 27, 28, 85, 215, 200, 270 

Bianco, I). R., 124, 300 

Bickford, L. R., 251 

Hijl, I)., 234 

Blade, E., 100 

Bleaney, B., 0, 30, 128, 120, 100, 101, 
102, 103, 104, 105, 107, 108, 215,210, 
220, 221, 224, 225, 228, 220,230, 232, 
233, 234, 235, 240, 241,242,244, 245, 
240, 247, 204, 


Bleil, I). F., 253, 254, 255 
Bloembergen, X., 252, 253, 254, 255, 250 
Borden, A., 125 

Bowers, K. D., 220, 230, 240, 244 
Boyd, A. \V\, 120, 121, 122 
Bozorth, R. M., 248 
Bragg, J. K., 1 14, 110, 123, 120, 137, 130, 
141, 142, 144, 145, 158, 280 
Braunsehweiger, F. (1., 81 
Brown, W. G., 312, 322 
Bud6, A., 133 
Burg, A. B., 200, 321 
Burklialter, .1. II., 13, 73, 80, 80 
Burkhard, I). (J., 125, 105 
Burrus, O. A., Jr., 175 
Bushkovitch, A. V., 204 

Cannon, \Y. F., 100 
Carlson, R. ()., 283 
Carter, R. L., 108, 100, 325, 326, 327 
Casimir, H. B. G., 137, 138, 158, 207 
Castle, J. G., Jr., 15, 37, 71, 80, 132, 133, 
134, 135, 181, 105, 100 
Cleeton, C. E., 1, 4, 5, 48, 128 
Coates, R. J., 24 
Coester, F., 154, 105, 108 
Coles, D. k\, 70, 102, 100, 108, 125, 120, 
137, 148, 158, 100, 105, 174, 200,303, 
300, 334 

Condon, E. U., 85, 100, 200 

Cooke, S. 1\, 325, 320, 327 

Costain, C. C., 120 

Coulson, C. A., 280, 310, 311, 312 

Covington, A. E., 331 

Cowan, R. I)., 321 

Cox, H. L., 81 

Cox, J. T., 105 

Crable, G. F., 53, 104, 308 

Cripwell, F. J., 2G1 

Cross, 1>. C., Ill, 112, 113, 117, 110, 121, 
130, 140, 150, 103, 202, 203 
Cummerow, R. L., 213 


43; 



436 


NAME INDEX 


Cunningham, G. L., Jr., 120, 121, 122 

Dailey, B. P., 80, 106, 114, 125, 128, 137, 
160, 165, 171, 259, 269, 271,280, 286, 
299, 334 

Dakin, T. W., 160 
Darling, B. T., 124, 308 
Davis, L., 270, 272 
Day, M. J., 239 
Dean, C., 258, 259, 286, 287 
Debye, P., 3, 157, 158, 190, 261, 262 
Dehmelt, H. G., 255, 256, 257, 258, 259, 
260, 272, 286, 321, 325 
de Kronig, R., 97, 158, 221 
Dennison, D. M., 97, 98, 99, 100, 106, 
109, 117, 119, 124, 125, 127, 128, 129, 
130, 165, 201, 206, 208, 305, 308 
de Quevedo, J. L. G., 325, 326, 327 
Dicke, R. H., 329, 331 
Dousmanis, G. C., 89 
Driscoll, R. L., 275 
Duchesne, J., 315 

Edwards, H. D., 125, 144, 192 
Elliott, R. J., 234, 235, 247 
England, T. S., 237, 238, 239, 243 
Eshbach, J. R., 178, 296 
Estermann, I., 296 
Everest, F. A., 62 
Ewen, H. I., 85, 86, 185, 330, 331 
Eyring, H., 93 

Fabricand, B. P., 283 
Fairweather, A., 249 
Fano, U., 165, 171, 173 
Feenberg, E., 265, 268 
Feld, B., 137, 139, 268, 270, 272 
Feldman, L., 332, 333 
Fletcher, E. W., 325, 326, 327 
French, J. B., 85 
Fristrom, R., 41 
Frohlich, H., 3, 4, 189 

Galloway, W. C., 55 
Garstens, M. A., 240 
Geschwind, S., 7, 67, 277 
Ghosh, S. N., 175, 235 
Gilbert, D. A., 147, 274 
Gilliam, O. R., 12, 13, 16, 23, 49, 72, 144, 
178, 192, 266, 273 


Ginsburg, N., 109 
Glockler, G., 124, 306 
Gokhale, B. V., 195 

Golden, S., 114, 116, 139, 142, 156, 161, 
162, 163, 164 

Goldstein, J. H., 142, 144, 286, 299 
Good, W. E., 6, 60, 125, 128, 129, 137, 
148, 158, 160, 165, 174 
Gordon, J. P., 195 

Gordy, W., 6, 7, 12, 13, 15, 16, 23, 37, 39, 
50, 52, 62, 71, 72, 80, 86, 87, 97, 100, 
102, 105, 108, 129, 142, 143, 144, 147, 
175, 178, 181, 183, 190, 194, 196, 219, 
223, 229, 235, 259, 266, 268, 283, 284, 
303, 309, 312, 314, 321, 323 
Gorter, C. J., 213, 219, 222, 236 
Goudsmit, S., 270 
Grammel, R., 93 
Greenblatt, M. H., 36, 68 
Greenhow, C., 295, 296 
Griffiths, J. H. E., 213, 215, 220, 221, 
223, 224, 225, 228, 229, 234, 235, 248 
Griswold, P. A., 147, 274 
Griswold, T. W., 240 
Guha, B. C., 226, 229 
Guillaud, C., 250 
Gunther-Mohr, G. R., 148, 277 
Gwinn, W. D., 120, 121, 122 

Hagen, J. P., 331 
Hahn, E. L., 330 

Hainer, R. M., Ill, 112, 113, 117, 119, 
121, 139, 140, 156, 163, 202, 203 
Haissinsky, M., 309, 323 
Halliday, D., 213 
Hammack, K. C., 265, 268 
Hebb, M. H., 88 
Hedrick, L. C., 57 
Henderson, R. S., 147, 148, 149 
Henry, A., 132, 133, 135, 149, 181, 183 
Herbstreit, J. \V., 331 
Herring, C., 252 

Hershberger, W. D., 6, 7, 125, 325, 326 
Herzberg, G., 94, 95, 99, 100, 107, 108, 
135, 206, 209, 210, 276, 300, 305 
Herzberg, L., 88 

Hill, A. G., 13, 16, 85, 161, 162, 204, 

288 

Hill, D. G., 235 
Hill, E. L., 149 



NAME INDEX 


437 


Hill, R. M., 181, 1S3, 192, 193, 194, 190, 
294 


Hillger, R. E., 114, 110, 129, 178 
Hippie, J. A., 275 

Holden, A. N., 147, 192, 230, 277, 303 
Honig, A., 332 

Howard, R. R., 72, 74, 193, 194, 190, 294 
Hsiang, J. S., 232 

Hughes, R. IE, 8 , 10, 13, 39, 125, 105, 
303, 334 

Hund, F., 127, 134, 135 
Hutchison, C. A., 237, 238, 210 


Ichikawa, Y., 255 
Ince, E. I,., 114 
Ingersoll, . 1 . G., 75, 80, 87 
Ingrain, I). J. E., 240, 244 
I to, T., 140, 147 
Ivash, E. V., 125 


Jaccarino, V., 272, 282 
Jackson, \Y\, 201 

Jauch, J. M., 138, 147, 159, 105, 178 
Javan, A., 89, 149 

Jen, C. K., 7, 10 , 17, 149, 174, 175, 170, 
177, 178, 179, 180, 290 
Johnson, C. M., 12 , 13, 23, 31, 33, 49, 51, 
52, 72, 87, 89, 97, 100, 181, 195, 190 
Johnson, II. IE, 110 ,, 197, 329 
Johnson, M., 305 
Joos, G., 90, 301 

Karplus, IE, 10, 73, 70, 189, 199 
Keilholtz, G. \Y., 128, 332, 333 
Kennard, E. IE, 192, 193 
Kessler, M., 07, 129, 131 
Kikuchi, C., 231 
Kimball, G. E., 93, 100 
King, G. \\\, 111 , 112 , 113, 117, 119, 121 , 
139, 140, 150, 103, 202, 203 
King, J. (}., 272, 282 
King, W. C., 52, 72 
Kinzer, J. !>., 42 

Kip, A. F., 223, 228, 229, 240 
Kisliuk, P., 100 

Kittel, C., 214, 218, 231, 230, 240, 248, 
249, 250, 251, 252 
Klein, J. A., 129 
Knight, G., 137, 139 
Knoebel, IT. W., 330 


Koehler, J. S., 100, 125 
Kojima, Y., 254, 255 
Kopl’ermann, IE, 259 
Koster, G. F., 270 

Kramers, IE A., 88 , 214, 225, 220, 228, 
230 

Kroll, N. M., 85 

Kruger, IE, 255, 250, 257, 258, 259, 325 
Kuper, J. B. IE, 47, 48 
Kyhi, IE L., 7, 28, 80, 128, 129, 137, 288, 
289. 303. 331 


La idler, K. J., 128, 332 
Lamb, W. IE, Jr., 2, 4, 13, 75, 85, 80, 137, 
275 

Earnout, IE IE E., 80, 190 
Lancaster, F., 15, 219, 223, 224, 229, 235 
Landau, E., 248 

Eawrance, IE IE, 110 , 123, 192, 308 

Lawson, J. IE, 125 

Lee, C. A., 283 

Eehaney, I 1 '. J., 331 

Eennard-Jones, J. E., 310, 312 

Ec Van, W. 1., 120, 121, 122 

Levanthal, IE C., 240 

Lide, D. IE, Jr., 100, 108 

Lil’shitz, IE, 248 

Lipson, IE, 228 

Livingston, IE, 10, 178, 255, 258, 259, 
200, 272, 273, 283 

Loomis, C. C., 121, 142, 145, 173, 209, 
284, 310 

Lorentz, H. A., 189 
Eoubser, J. IE N., 48, 129, 190, 191 
Low, \Y., 105, 100, 1 08, 170 
Luck, C., 14 

Euttinger, J. M., 218, 231 

Lyons, IE, 3, 41, 128, 129, 131, 328, 332 


Mack, J. IE, 205, 275 
Madison, T. C., 129 
Manneback, C., 157, 158 
Manning, M. IE, 128, 131 
Manring, E. It., 120 

Margonau, II., 98, 132, 135, 149, 183, 
190, 190 

Marketu, M., 284 
Mat lack, G., 124, 300 
Maxwell, E. IE, 253, 254, 323 
Mayer, M. G., 205 



438 


NAME INDEX 


Mays, J. M., 106 

McAfee, K. B., Jr., 10, 13, 144, 149, 
183 

McCready, L. L., 331 
Meng, C. Y., 75, 86, 87, 190 
Merritt, F. R., 10, 73, 133, 147, 192, 236, 
250, 277, 303 
Miller, P. H., 36, 68 
Miller, S. L., 89, 149 
Minden, H. T., 106 

Mizushima, M., 104, 105, 146, 147, 158, 
165, 194, 195 
Mockler, R., 60 
Moore, C. E., 270 
Morgan, H. W., 128, 332, 333 
Muller, C. A., 85, 330 
Mulliken, R. S., 112, 117, 119, 289, 290, 
291, 292, 296, 310, 312, 322 
Murphy, G. M., 98 
Myers, R. J., 120, 121, 122 

Newell, G., 329 
Nicks, P. F., 249 
Nielsen, A. H., 94, 95, 126, 332 
Nielsen, H. H., 95, 103, 104, 106, 108, 
109, 126, 129 
Nierenberg, W. A., 283 
Nishikawa, T., 13, 85 
Nordheim, L. W., 265 
Nordsieck, A., 137 
North, H. Q., 49 
Norton, L. E., 325 
Nuckolls, R. G., 41, 129, 131, 332 

Ogg, R. A., Jr., 240 
Okamura, T., 254, 255 
Oort, J. H., 85, 330 

Pastor, R. C., 240 

Pauling, L., 93, 186, 216, 280, 282, 284, 
308, 309, 310, 311, 313, 315, 316, 319, 
323 

Pawsey, J. L., 331 
Payne-Scott, R., 331 
Penney, W. G., 161, 224 
Penrose, R. P., 6, 39, 128, 129, 190, 191, 
192, 193, 194, 195, 197, 198, 215, 220, 
221, 224, 225, 228, 229, 232, 233, 235, 
240, 294 

Pitzer, K. S., 311 


Plumpton, B. I., 215, 220, 221, 224, 225 
228, 229, 234, 235 
Polder, D., 218, 228, 229, 248 
Pond, T. A., 199 
Potter, C. A., 294 
Poulis, J. A., 219 

Pound, R. V., 33, 34, 55, 255, 256, 258, 
259, 287 

Powles, J. G., 261 

Pryce, M. H. L., 216, 217, 218, 228, 231, 
235, 240 

Purcell, E. M., 85, 86, 185, 259, 330, 
331 

Rabi, I. I., 97, 283 
Rademacher, H., 97, 98 
Ramsey, N. F., 194, 275, 283, 296 
Randall, H. M., 109, 125, 128 
Ray, B. S., 112, 139 
Reiche, F., 97, 98 
Retherford, R. C., 2, 4, 13, 85, 86 
Rieke, C. A., 312, 322 
Ring, H., 269, 321 

Roberts, A., 13, 16, 85, 124, 147, 274, 
306 

Roberts, F. F., 249 

Rogers, E. H., 240 

Rogers, J. D., 81 

Rogers, S. F., 24 

Rouse, A. G., 294 

Rueger, L. J., 41, 129, 131, 332 

Ryan, A. H., 240 

Ryle, M., 331 

Sanders, M., 89, 149 
Sawyer, K., 129 
Schlapp, R., 88, 89, 224 
Schmid, R., 133 

Schneider, E. E., 237, 238, 239, 243 
Schomaker, V., 299, 309, 310, 313, 316, 
318 

Schramm, C. W., 42 
Schiller, H., 284 
Schuster, N. A., 60 
Schwinger, J., 189, 199, 265 
Scovil, H. E. D., 234, 235, 240, 247 
Shaffer, W., 95, 126 

Sharbaugh, A. H., 10, 57, 114, 116, 123, 
129, 158, 289 



NAME INDEX 


439 


Shawlow, A. L., 89, 148, 149 
Sheehan, W. F., Jr., 299 
Sheng, H. V., 100, 129 
Sheridan, J., 102, 104, 100, 108, 323 
Shimoda, K., 13, 85 
Shoolery, J. N., 289, 299 
Shortley, G. H., 85, 100 
Shulman, R. G., 100, 125, 120, 127, 100, 
171, 288, 289, 299 
Si Ivey, G., 100 

Simmons, J. \Y\, 49, 50, 52, 80, 129, 142, 
147, 192, 303, 300 
Sirvetz, M., 41, 308 
Skinner, M., 13, 85 
Slager, D. M., 195, 190 
Slawsky, Z. I., 99, 100 
Sloan, R., 100 
Smith, A. G., 49, 50, 192 
Smith, I). F., 190, 334 
Smith, W. V., 13, 49, 50, 72, 73, 74, 77, 
78, 80, 89, 128, 190, 192, 193, 194, 190, 
198, 199, 294, 295, 290, 308, 325, 320, 
327, 332, 333 

Southern, A. L., 128, 332, 333 
Southworth, G. C., 331 
Spence, R. D., 231 
Stein, G., 239 
Stern, O., 290 

Stevens, K. W. II., 234, 235, 247, 255 
Stevenson, I). P., 309, 310, 313, 317, 
318 

Stitch, M. L., 332 

Strandberg, M. W. P. f 7, 75, 80, 80 , 87, 
114, 110, 123, 121, 128, 129, 130, 131, 
137, 142, 145, 101, 102, 173, 190, 192, 
195, 197, 204, 209, 284,288,289, 290, 
303, 308, 310, 32!) 

Sutherland, G. B. B. M., 201 
Sutton, L. E., 323 


Talley, R. M., 332 
Teller, E., 300 
Terman, F. E., 02 
Thomas, II. A., 275 
Thompson, H. W., 202 
Torizuka, V., 254, 255 
Torrey, H. C., 34 

Townes, C. H., 0, 7, 10, 48, 07, 73, 75, 8!), 
125, 120, 127, 128, 144, 140, 147, 148, 
149, 100, 105, 100, 108, 170, 171, 191, 


192, 197, 199, 230, 259, 209, 271, 273, 
277, 280, 280, 288, 28!), 303, 332, 333 
Trambarulo, R., 4!), 97, 100, 102, 104, 
105, 175 

Trippe, D. F., 00 
Trounson, E. P., 253, 254 
Tsuya, N., 255 
Tuller, W\ G., 55 
rurkevitch, J., 125, 230 


* i' 


Ubbink, J., 21!) 

Uhlenbeck, G. E., 127, 128, 130 
Unterberger, R. R., 77, 78 

Vane, A. B., 331 

Van Vleck, J. H., 80, 80, 87, 8!), 128, 137, 
148, 14!), 158, 18!), 190, 213, 220,222, 
223, 230, 230, 248, 251, 252, 254 
Venkateswarlu, P., 104, 105 
Vonberg, I). I)., 331 

W alter, J., 93 
Waltz, M. C., 47, 48 
Wang, S. C., 113 
Wangsness, R. K., 253, 254, 255 
Watts, R. .J., 7, 41 
W eatherly, T. L., 120 
Weber, J., 128, 294, 332, 334 
Weber, L. R., 10!) 

W'eidner, R. T., 232 
Weingarten, 1. R., 1!)0 
Weiss, M. T., 110, 129, 130, 131 
Weiss, P. R., 218, 231, 232 
Weisskopf, V. F., 85, 128, 189 
W’eleh, A. J. 10., 249 

Wentink, T., Jr., 7, 129, 101, 102, 204, 
288, 28!), 303 
WhifTen, D. II., 202 
White, II. 10., 85, 170 
Whitmer, C. A., 34, 232 
W ick, G. C., 290 
Wilcox, W. S., 299 
Williams, D., 7, 41, 120, 100 
Williams, J. Q., 10, 50, 57, 00 
Williams, N. H., 1, 4, 5, 48, 128 
Wilson, E. B., Jr., 8, 10, 13, 39, 80, 93, 
114, 128, 137, 150, 101, 162, 103, 104, 
180, 200, 208 
Wilson, I. G., 42 
Winkelmann, M., 93 



440 


NAME INDEX 


Wright, B. D., 144, 192 
Wright, N., 128 
Wu, C. S., 332, 333 

Yabsley, D. E., 331 
Yager, W. A., 236, 248, 250 
Yost, D. M., 299 


Yu, F. C., 89 

Zabel, C. W., 270, 272 
Zacharias, J. R., 270, 272 
Zaffarano, F. P., 55 
Zavoisky, E., 213, 222, 223 
Zeraplen, J., 133 



SUBJECT INDEX 


Absorption cells, 371T. 
coiled waveguide, 38 
resonant cavity, 39 
stark-modulation, 39, 40 
untuned cavity, 75 
waveguide, 38 
windows, 38 

Absorption coefficient, asymmetric-top 
molecules, 121 

general formula for, 185, 180 
linear molecules, 95, 9b 
symmetric-top molecules, 100 
Alkali-metal solutions, paramagnetic res¬ 
onance of, in ethylenediamine, 
240 

in liquid ammonia, 239 
in methylamine, 240 
Ammonia spectrum, 127-131 
Cleeton-Williams experiment, 1,5, 128 
byperfine structure, 137 
inversion spectrum, 72, 128, 129 
magnetic byperfine structure, 147 
Amplifiers, 57ff. 
audio, 57 

figure of merit, 70 
lock-in, GO, 01 
low-noise, GO 
noise figure, G4 GG 
radio frequency, 57 

Anti-ferromagnetic resonance, 254 255 
Asymmetric-top energy levels, table of, 
111-112 

Asymmetry parameter (electrical), in 
quadrupolc coupling, 257, 285, 
28b, 287 

(inertial), in asymmetric tops, 113 
Atomic clock, 3, 328, 329 
Atomic masses, 275fT. 
table of, 337-344 

from microwave spectroscopy, 370 
Atomic spectra, 84 8b 
Attenuators, 24 

Boltzmann’s distribution law, 18b, 203 


Bond angles, calculation from microwave 
data, 298-308 

(‘fleets of bond-orbital hybridization, 
315 

table of, 371-373 
Bond charge, 291 

Bond conjugation in molecules, 310-312 
Bond lengths, calculation from micro- 
wave data, 298-308 
factors affecting, 308, 310, 314-315 
table of, 371-373 
Bond order, 311-312 
Bonding in various molecules, 317-323 
Boron compounds, 321-322 

Centrifugal distortions, asymmetric-top 
molecules, 114-116 
diatomic molecules, 94 
linear triatomic molecules, 94 
symmetric-top molecules, 99-100 
table of constants, 346-3G0 
Chemical analysis, microwave, 333-334 
Chrome alums, 230-233 
Circularly polarized light, 17b, 178, 201 
Classical energies of molecules, 90 
Cleeton-Williams experiment, 1, 5, 128 
Collision broadening, 188-19b 
Collision diameters, 192, 193 

and quadrupolc moments, 294 -290 
Color centers, 238 

Conduction electrons in metals, para¬ 
magnetic resonance of, 240 
Continuous emission, galactic, 331 
solar, 331 

Conversion loss, 34 
Copper Tut ton salts, 229 
Covalent bonds, hybridized, 280-280, 
291-294, 290 
pure, 279, 280 

Covalent radii, table of, 309 
Covalent resonance, 310-312 
Crystal rectifiers, conversion loss, GG 
harmonic generators, 48 53 
mounts for, 30 


441 



442 


SUBJECT INDEX 


Crystal rectifiers, noise figure, 66 
noise temperature, 66 
1N23, 33 
1N26, 30, 33 
1N31, 30, 33 
1N32, 30, 35, 36 
1N53, 30, 33, 34 
square-law, 68 

Crystalline-field effects on paramagnetic 
resonance, 214-216 
Crystalline-field potentials, 216 
Crystalline-field symmetries, in iron- 
group elements, 224-234 
in rare earths, 234 
Cupric salts, 225-230 

Demagnetization field in ferromagnetic 
resonance, 248 
Detectors, 32-36 

Deuterated ammonia spectra, 120-131 
Diamagnetism, correction for, 275 
of extranuclear electrons, 275 
Dielectric absorption in liquids and 
solids, 261, 262 

Dipole moments (molecular electric), 
measurement of, 288, 280 
nature of, 201, 202 
table of, 361-362 

variation with vibrational state, 288 
Directional couplers, 25 
Bethe-hole, 26 
two-hole, 28 

Discriminator, spectral line, 326, 327 
Doppler broadening, 188, 328, 320 

Eccentricities of nuclei, 268 
Effective length, of absorbing path in 
cavity, 38 

of waveguide cell, 37 
Einstein A and B coefficients of spon¬ 
taneous and induced emission, 84, 
185, 186 

Electric quadrupole moment Q (.see also 
Nuclear and Molecular quadru¬ 
pole moments), 267ff. 
Electronegativity, 282-284, 201-202, 
312, 314-315 
table of, 300 

Electronic frequency multipliers, 78-70 
Electronic spectra, 84ff. 


Emission spectra, 84, 86, 330 
Euler’s angles, 08 

Exchange interaction, in ferromagnetic 
resonance, 252-253 
in paramagnetic resonance, 222 
Exchange narrowing, in iron-group ele¬ 
ments, 222-223 
in organic free radicals, 236 
Exchange reactions, microwave spectral 
analysis of, 332 

Excited vibrational states (see also l -type 
doubling), linear molecules, 05 
symmetric-top molecules, 103 

F centers, 237-230 
Ferromagnetic resonance, 248ff. 

effects of temperature variation, 253 
Fractional bonds, energies of, 312 
Free radicals, gaseous, 80 
organic, 236, 237 

Frequency measurement (see also Fre¬ 
quency standards), 10, 26, 32, 
76ff. 

absolute, 76ff. 
relative, 80 

Frequency stabilization, resonant-cavity, 
55, 56 

spectrum-line, 325-327 
Frequency standards, 78, 70, 81, 325, 
326, 328, 320 

Galactic radiation, 331 
Gyromagnetic ratio, molecular, 174-176, 
182 

nuclear, 176-178, 180 

Halides of N, P, As, and Sb, 310-321 
Halogen bonds to C, Si, and Ge, 318, 
310 

Harmonic generators, 48-53 
Hybridization moment, 202-204 
Hybridized orbitals, effects of, on bond 
lengths and bond angles, 314-316 
on dipole moments, 201-203 
on molecular quadrupole moments, 

206 

on quadrupole coupling, 280-285 
Hydrides of N, P, As, and Sb, 310 
Hydrogen, interstellar, 86 
Lamb-Retherford shift, 2, 85 



SUBJECT INDEX 


443 


Hyperfine structure, in paramagnetic- 
resonance, 240tT. 
in rotational spectra, 136ff. 

Pasc hen-Back effect in, 178-180 
tables for analysis of, 374-404 
Zeeman effect in, 170-178 


Impedance matching, 25 
Intensities, in hyperfine structure, 140, 
374-404 

in Paschen-Back effect, 180 
of molecular rotational spectra, 05, 00, 
100 , 121 . 210 , 211 

of Stark and Zeeman components, 158, 
150, 103, 172, 183 
Intensity measurements, 74, 75 
Interaction of single' and triple bonds, 322 
Interatomic distances, 200, 303 
table of, 371-373 

Intermolecular forces (gaseous), 104 100 
Internal rotation, effect on rotational 
spectra, 105, 100, 125 
Inversion spectra, 127 131 
Stark effect of ammonia, 158, 150, 105 
Ionic character, 270-284, 201, 313 
Iron-group elements, degeneracies of, 225 
ground states of, 225 
quantum numbers of, 225 

^ tillh, paramagnetic reso¬ 
nance in, 237-230 
Isotopic analysis, 332-333 


Johnson noise, 30, 05 


Klystron oscillators, 44-40 

Pound frequency stabilizer for, 55 
power supply for, 53 
Kramer’s degeneracy, 214, 225, 220, 230 


Utvpe doublet transitions, in HCX, 120 
in OCS, 120 

/-type doubling (see also /-type doublet 
transitions), linear molecules, 05 
Stark effect, 101, 102 
symmetric-top molecules, 104, 105 
bamb-Ketherford experiment, 2, 85 
Ume shapes, illustration of, 72 
in gases, 188IT. 

m paramagnetic resonance of solids, 
21 Off. 


Line shapes, in pure nuclear quadrupole 
spectra, 250 

Line widths, from collision broadening, 
188-100 

experimental values, 102, 103, 105 
pressure dependence, 100 
temperature dependence, 100 
variation with rotational state, 104, 
105 

from collision with cell walls, 100 
from Doppler effect, 188 
from spontaneous emission, 188 
in paramagnetic resonance of solids, 
21 Off. 

in pure quadrupole spectra, 250 
measurement of, 7Iff. 

Liquids, absorption in, 3, 200 202 
Lock-in amplifiers (see Amplifiers), 00- 
02 

Loss factor, in absorption of liquids, 201 
Magic tee, 20 

Magnetic field stabilization, 320, 330 
Magnetic quantum number, 03 
Magnetron harmonics, 48 
Magnetrons, 48, 75 
Mathieu’s equation, 114 
Matrix elements of dipole moments, 187, 
100 

for asymmetric-top molecules, 202, 203 
for inversion, 202 
for linear molecules, 200, 201 
for symmetric-top molecules, 202 
Moan time r, between collisions with 
cell walls, 196, 107 

between molecular collisions, 180, 102, 
104 

Milky way, temperature of, 331 
Minimum detectable signal, 02 64, G8, 
70 

Mixers, crystal, 30 33 
Modulation, high-frequency effects, 78 
source-frequency, 7, 78 
Stark, square-wave, 8, 0, 10, 57 50, 78 
sinusoidal, 8, 50, 78 
Zeeman, 78 

Molecular quadrupole moments, 200 20G 
table of, 345 

Molecular rotational magnetic moments, 

200, 207 



444 


SUBJECT INDEX 


Molecular structures, calculation of, 298fT. 
discussion of particular, 316ff. 
table of, 371-373 
Momental ellipsoid, 90 
Moments of inertia, 90ff., 298ff. 

Multiple bonds, 281, 285, 286, 311, 312 
Multipliers (see Harmonic generators) 

Na solutions, paramagnetic resonance of, 
240 

Natural line width, 188 
Nitric oxide, paramagnetic resonance in, 
133-135 

Noise, in crystal, 34-36 
in klystrons, 46-48 
Johnson, 36, 65 
Noise figure, 64-65 
Noise temperature, galactic, 331 
microwave, 330, 331 
of crystals, 68 
solar, 331 

Nuclear gyromagnetic ratio, 176ff., 216, 
217, 274, 275 

Nuclear magnetic interactions, in atoms, 
84-85 

in paramagnetic resonance, 240fT. 
in rotational spectra, 147, 148 
Nuclear magnetic moments, from para¬ 
magnetic resonance, 247 
measurement of, 2731T. 
table of, 337-344 

from microwave spectra, 369 
Nuclear quadrupole coupling factors, 
evaluation of, 270IT., 278(1. 
measurement of, 138IT., 255ff. 
table of, in gases, 363-365 
in solids, 365-367 

Nuclear quadrupole interactions, 136ff. 
effects in non-paramagnetic solids, 
255IT. 

effects on paramagnetic resonance, 
219ff., 245-247 

effects upon rotational spectra, in 
asymmetric-top molecules, 139- 
141 

in linear molecules, 138 
of more than one nucleus with 
coupling, 146 

second-order corrections, 144, 145 
in symmetric-top molecules, 139 


Nuclear quadrupole interactions, relative 
intensities of components, 149 
Nuclear quadrupole moments, calcula¬ 
tion of, from microwave data, 

271-273 

table of, 337-344 

from microwave spectra, 369 
Nuclear shell model, 265 
Nuclear spins, determination of, from 
microwave spectra, 265ff. 
tables of, 337-344, 369 
Nuclear statistical weights, 206-210 

Overlap dipole moment, 291, 292 
Overlap integral, 290, 292 
Oxygen spectrum, 72, 75, 86-89, 133, 
381-383 

V electrons, unbalanced number of (U p ), 
279-286 

Paramagnetic ion, energies of, 216ff. 
Paramagnetic resonance, gases, 132-135 
solids, 213ff. . 

spectrometers, 14, 15 
Partition function Q, 203 
Q r , rotational partition function, 204 
for asymmetric-top molecules, 206 
for linear molecules, 205 
for symmetric-top molecules, 205 
Q v , vibrational partition function, 204, 
205 

Paschen-Back effects, in hyperfine struc¬ 
ture, 178-180 

in paramagnetic molecules, 181 
intensities in, 180 

Perspex, paramagnetic resonance of, 239 
Perturbation theory, 155, 156 
Phase-sensitive amplifiers, 60-62 
Plane-polarized radiation, absorption 
coefficient for, 187 

dipole matrix elements for, 200 203 
Plastics (irradiated), paramagnetic reso¬ 
nance in, 237-239 

Population of energy states, 203-204 
Potassium alums, 231-233 
Potassium metal solutions, paramagnetic 
resonance in, 240 

Potential barriers, 106-108, 127-131 
Power supply, klystron, 53, 54 
Pressure broadening, 188-196 
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Principal moments of interia, 00 

Proton-resonance method, 275 

Pure nuclear quadrupole spectra, 255ff. 

Quadrupole coupling factors (nuclear) 
279-287 

asymmetry parameter, 285-287 
in gases, 1361T. 
in solids, 2551T., 2G8ff. 
tables of, in gases, 363-365 

in solids, 365-3G7 
temperature dependence, 287 
Quadrupole moments (see Molecular 
quadrupole moments, Nuclear 
quadrupole moments) 

Qualitative analysis, chemical, 333, 334 
Quantitative analysis, chemical, 334 
isotopic, 333 
Quantum defect, 124 


Radiation sources, 44IT. 

Rare-earth salts, paramagnetic resonanc 
in, 234, 235 

Receivers (see Amplifiers), sensitivitv 
02-70 

Reduced-mass ratios, 275-277 
table of, 370 

Relaxation time in liquids, 3 
Restricted internal rotation, 105-108 
Rotational constants, 298IT. 
table of, 346-300 

Rotational energy, asymmetric-top mol¬ 
ecules, 109ff. 
classical, 91, 92 
diatomic molecules, 93 
linear polyatomic molecules, 93 
symmetric-top molecules, 99 
Rotational quantum number, 93, 98, 109 
Rotational resonance, influence on line 
width, 194-195 

Rotational spectra, asymmetric-top mol¬ 
ecules, 108fT. 
linear molecules, 92fT. 
symmetric-top molecules, 97fT. 

* tractor in hybridized bonds, 280-280 

291-294,290 V * ‘ 

Saturation effect, 180 , 190-199 
Schema ker-Stevenson rule, 313, 317 
Selection rules, basis for, 200 


Selection rules, hyperfine components, 
141 

inversion spectra, 99, 130 
/-type doublet spectra, 125, 120 
magnetic resonance spectra, 133 
oxygen, 88 

paramagnetic resonance, 219, 242, 245, 
250 

Paschen-Back effect, 179, 182 
quadrupole spectra, 250 
rotational spectra, asymmetric-top 
molecules, 110-120 
diatomic molecules, 94 
linear polyatomic molecules, 94, 200 
symmetric-top molecules, 99, 201 
Stark effect, 157, 102, 103, 173 
Zeeman effect, 174, 170 
Solar diameter, microwave, 331 
Solutions, absorption of microwaves in 
3, 15, 239, 243, 201-202 
Spectrometers, Off. 

atomic and molecular beam, 13 
fixed-frequency, 0 
paramagnetic resonance, 14 
radio-frequency sweep, 7 
recording, 1 1 
sensitivity, 02IT. 
source-modulation, 7, 8 
Stark-modulation, 8, 9, 10, 07 
video sweep, 0 
Zeeman modulation, 13, 10 
Spectroscopic splitting factor, in ferro¬ 
magnetic substances, 25Iff. 
in paramagnetic substances, 213ff. 
Spin-lattice interaction, 220, 221 
Spin-spin interaction, 219, 220 
Square-law detector, 08-70 
Stabilization, frequency, with cavities, 
55, 50 

with spectral lines, 325-327 
magnetic field, with spectral lines, 329 
330 

Stark effect, in asymmetric-top mole¬ 
cules, 161-105, 172, 173 
in inversion spectra (ammonia), 158, 
159 

in linear molecules, 159-161, 171, 172 
in symmetric-top molecules, 157-159, 
108 

of /-doublets, 161, 102 
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Stark modulators, 56-57 
square-wave, 58-59 
Statistical weight factors, 206-210 
Structural parameters, in asymmetric- 
top molecules, 306-308 
in boron compounds, 321-322 
in diatomic molecules, 300 
in halogen-bonded molecules, 318-319 
in halides and hybrides of N, P, As, 
and Sb, 319-321 

in hydrogen-bonded molecules, 316— 
318 

in linear polyatomic molecules, 301- 
303 

in symmetric-top molecules, 304-306 
table of, 371-373 
Sun’s temperature, 331 
Superheterodyne detection, 14, 19, 31 
Supermalloy, ferromagnetic resonance in, 
253 

Telescope, microwave, 330, 331 
Thermal detectors, bolometer, 15, 37, 71 
thermistor, 37, 71 

Thermal equilibrium, Boltzmann’s dis¬ 
tribution law, 186 

disturbance by saturation effect, 197— 
199 

Titanium alums, 233 


Torsional oscillations, 105, 106, 125 

Unbalanced p electrons, 270-271 

Uncertainty principle, 194, 220 

Uranium salts, 235-236 

V centers, 237-239 

Waveguide, 20ff. 
attenuation, 22, 23 
bends, 23, 24 
connectors, 23, 24 
cut-off wavelength, 20, 21, 23 
effective bandwidth, 21, 23 
electroforming process, 24 
modes, 21 
size designation, 23 
tapers, 23, 24 
Wavemeters, 41-44 

Zeeman effect, for state, 174 

for *2, state with hyperfine structure, 
176, 177, 178 

in paramagnetic molecules, 180-183 
in pure quadrupole spectra, 259, 260 
relative intensities of components, 183 
Zero magnetic field, paramagnetic reso¬ 
nance absorption in, 247-248 
Zero-point vibrations, 302, 308 

































